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For my father, 

Professor Arthur K. Young, 
from whom I am 

still learning the art 

of clear thinking 


And God said: “Let there be light.” And there was light. 
And God saw the light, that it was good; 
and God divided the light from the darkness. 
THE TORAH 


And the light is sweet, and a pleasant 
thing it is for the eyes to behold the sun. 
KOHELETH (ECCLESIASTES) 


But soft! what light through yonder window breaks? 
It is the east, and Juliet is the sun! 
SHAKESPEARE 


Light breaks where no sun shines. 
DYLAN THOMAS 


Sadness flies on the wings of morning and 
out of the heart of darkness comes light. 
GIRAUDOUX 


Let us bathe in this crystalline light! 
POE 


... On a river of crystal light, 
Into a sea of dew. 
EUGENE FIELD 


I see a black light. 
VicTOR HUGO (last words) 


Do not go gentle into that good night ... 
Rage, rage against the dying of the light. 
DYLAN THOMAS 


Preface 


This is the fifth edition of a book that first appeared in 1977, when it was 
half its present length. In the twenty-odd years since that first edition was 
published, optical communications has burgeoned, computers have become 
ubiquitous, and video techniques have supplemented classical optics. Hence, 
the book now includes sections on optical fibers and integrated optics, video 
microscopes and digital image processing, holography and coherent optical 
processing, and scanning confocal microscopy. Thus, whereas much of the 
book is devoted to classical optics, the denouement is the coverage of modern 
optics, lasers, and optical waveguides. Nevertheless, the sections on classical 
optics include material, such as those on coherence and resolution, that is 
not readily found in texts at similar levels. 

The fourth edition included over 100 problems; many are designed to dis- 
play important results that are not discussed in the text. I have therefore 
added to this edition the solutions to all the problems. I hope that the in- 
clusion of the solutions will make the book more amenable to self-study, but 
also that the solutions will enhance the usefulness of the book in the class- 
room. Finally, I think that optics has a lot of terms that are sometimes not 
easily understood or whose technical meanings differ from their colloquial 
meanings; “focal point”, “grain”, “intensity”, and even “light” are examples. 
I have therefore added a glossary to the book. 

Optics has been changing greatly for over 40 years, since the invention 
of the laser. Partly because of the applied or engineering nature of much of 
modern optics, there has been a need for a practical text that surveys the en- 
tire field. Such a book should not be a classical-optics text but, rather, should 
be strong on principles, applications, and instrumentation; on lasers, holog- 
raphy, and coherent light; and on optical-fiber waveguides and integrated 
optics. On the other hand, it should concern itself relatively little with such 
admittedly interesting topics as the formation of the rainbow or the precise 
determination of the speed of light. 

My purpose, therefore, has been to write an up-to-date textbook that 
surveys applied or engineering optics, including lasers, optical processing, 
optical waveguides, and other areas that might be called modern optics. I have 
attempted to treat each topic in enough depth to give it considerable practical 
value, while keeping it as free from mathematical detail as possible. Because I 
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have surveyed applied optics in a very general way (including much more than 
I would attempt to incorporate into a single, one-semester college course), this 
book should also be a useful handbook for the practicing physicist or engineer 
who works from time to time with optics. Any of the material is appropriate 
to an introductory undergraduate course in optics; the work as a whole will 
be useful to the graduate student or applied physicist with scant background 
in optics. 

The book originated in class notes for several one-semester courses that 
I offered in the Electrical Engineering Curriculum at Rensselaer Polytech- 
nic Institute and in the Physics Department of the University of Waterloo 
(Canada), before I joined the Optoelectronics Division of the National Insti- 
tute of Standards and Technology. Most of the courses were at the second- 
and fourth-year level, but I have drawn much additional material from grad- 
uate courses I have offered in lasers and related areas. I have also used the 
book as a textbook for courses in the Electrical and Computer Engineering 
Department of the University of Colorado and in the Electronics Depart- 
ment of the Weizmann Institute of Science. To make the book as useful to as 
large an audience as possible, 1 have included short reviews of such subjects 
as complex-exponential notation, superposition of waves, and atomic energy 
levels. 

Nearly all the references are to books or reviews and are chosen to allow 
the reader to explore any topic in greater detail. The problems are designed 
to help increase the reader's understanding and, sometimes, to derive a useful 
result. Certain portions of the text are largely descriptive; there I have used 
comparatively few problems. 

It is my very great pleasure to acknowledge the invaluable assistance of 
the first editor of this book, David MacAdam, whose guidance and comments 
have led to a clearer, more readable, and more complete work. My former 
officemate at Rensselaer Polytechnic Institute, William Jennings, read the 
early versions with great care, offered excellent suggestions, and occasionally 
made me rewrite the same passage several times with very salutary results. 
Helmut Lotsch of Springer- Verlag ably supervised the production of the early 
editions of the book and adhered only to the highest standards. 

I also acknowledge my debt to my former professors and fellow students 
at the Institute of Optics of the University of Rochester. My closest advisers 
there were Michael Hercher and Albert Gold; I also have warm memories 
of Philip Baumeister, Parker Givens, and others. My first optics course was 
Rudolf Kingslake's introductory optical-engineering course, and I still occa- 
sionally refer to his duplicated course notes. 

I have been working, on and off, with optical-fiber communications since 
about 1972; the number of people I have learned from is, as a practical mat- 
ter, nondenumerable. However, I want to single out for acknowledgement my 
former colleagues and co-editors of the Optical Waveguide Communications 
Glossary and, in particular, Robert Gallawa and Gordon Day of NIST in 
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Boulder. Neither of these able scientists ever lets me get away with anything, 
and Bob Gallawa has offered many pithy comments on the chapters on optical 
waveguides. I am equally grateful to Ernest Kim for his critical reading of the 
entire third edition. Kevin Malone and Steven Mechels formerly of NIST, sug- 
gested many worthwhile improvements, while Paule Hale of NIST reviewed 
the material on noise in detectors with great care. Roberto Forneris and Yara 
Forneris of the University of Sao Paulo, Brazil, and Burton Brody of Bard 
College pointed out a number of errors and made many helpful suggestions. 

Additionally, I thank Tim Ohno of the Colorado School of Mines for 
suggesting the glossary and Reuben Collins of the Colorado School of Mines 
for a tutorial on near-field scanning microscopy. Theodor Tamir, the editor of 
the second edition, offered dozens of helpful suggestions. I also acknowledge 
my very good fortune to have been a Visiting Scientist at the Weizmann 
Institute of Science. A course I taught there gave me the impetus to organize, 
edit, and supplement my problems and led to their inclusion in this volume. 

Finally, I thank Hans Jürgen Koelsch of Springer for giving me the oppor- 
tunity to revise and publish this fifth edition, and Torsten Baade, Kristina 
Uhlendorf, and Barbara Luedge of the Friederich-Schiller University of Jena 
for carefully weeding the errors from the text and, in particular, from the 
problem solutions. Any errors that persist, like the weeds in my lawn, are 
mine alone. 


Boulder, Colorado, June 2000 M. Young 
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1. Introduction 


This is an applied optics book. It is written for physics or engineering students 
who will incorporate optical instruments into practical devices or who will 
use optical components in their laboratories or their experiments. My aim is 
to present as complete a picture of modern applied optics as possible, while 
going into as much depth as possible, yet using a minimum of advanced 
mathematics. 

In much of the book, we will consider a beam of light as a collection of 
rays. When it is necessary to understand interference and diffraction, we will, 
in effect, add a wave motion to the rays. Less often, we will use the particle 
nature of light and, in effect, consider the rays as if they were streams of 
particles. If you like, you can call this the triplicity of light - rays, waves, 
particles. We will use the wave and particle natures of light without justifica- 
tion and without philosophical foundation: that is, as heuristic devices that 
enable us to understand certain kinds of phenomena in as much depth as we 
require for designing and understanding optical instruments and systems. 

Deeper understanding of the wave and particle natures of light is pre- 
sented in courses in quantum electrodynamics. Here, let me just say, without 
apology, that sometimes it is convenient to consider light as a wave motion 
and sometimes as a stream of particles, depending on the kind of experiment 
we are performing. Still, there is something mysterious about performing 
an experiment, like the double-slit experiment (Chap.5), in which the light 
propagates and exhibits interference precisely as if it were a wave, and yet 
detecting the interference pattern with a quantum detector (Chap. 4), which 
interacts with the light as if it were a series of particles. The most common 
explanation, that particles in the subatomic world behave in a way that we 
do not find intuitive, is not very satisfying and gets us back where we began: 
we must, to some extent, consider the light as a wave when it propagates, 
but as a particle when it is absorbed by matter. When the wave motion is 
not important, as in many simple lens instruments, we ignore it and use a 
formalism based on rays. 

The book begins with two chapters based on geometrical, or ray, optics. 
In Chap. 2, I treat as much ray optics as I find necessary for a complete 
understanding of the optical instruments introduced in Chap. 3. In particular, 
Chap. 2 derives the lens equation, which allows calculation of object and 
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image positions, and shows geometrical constructions for tracing rays through 
lens systems. 

The instruments in Chap.3 are described almost entirely by the paraz- 
ial approzimation. This is the approximation that all rays are infinitesimally 
close to the axis and results in essentially perfect imaging. I use this approx- 
imation on the supposition that aberration theory has little practical interest 
to the nonspecialist. This chapter includes, however, a short warning that 
lenses must be used the way they are designed: microscope objectives for 
nearby objects and photographic objectives for distant objects, for example. 

More specifically, Chap. 3 begins by treating the human eye as if it were 
an optical instrument, largely stripped of its physiological or psychological 
aspects. The chapter goes on to describe the basic camera, including the 
important aspects of the photographic emulsion. Detailed treatments of the 
telescope, the microscope, and the relatively new scanning confocal micro- 
scope follow. The chapter concludes by anticipating a result from wave optics 
and using it to calculate the theoretical resolution limits of the microscope 
and the telescope, as well as to derive practical upper limits for their magni- 
fying powers. 

Chapter 4, "Light Sources and Detectors", begins with radiometry and 
photometry, which concern the propagation and measurement of optical 
power, as from a source to a screen or a detector. Radiometry concerns the 
measurent of radiant power in general; photometry, by contrast, implies vi- 
sual or luminous power, or power that is referred to the human eye as a 
detector. This chapter explains this sometimes confusing topic by sticking to 
a consistent set of units and making no formal distinction between radiant 
power, which is what a detector sees, and luminous power, which is what the 
human eye sees. The section on radiometry and photometry concludes with 
an explanation of image luminance (loosely, brightness) and explains why 
brightness cannot be increased with lenses. 

The remainder of Chap. 4 surveys light sources: blackbodies, continuous 
sources, and line sources. The chapter concludes with a section on detectors 
for visible and near-infrared spectra, and shows, for example, how to calculate 
the lowest power that scan be discerned by a specific detector. 

I have deliberately omitted electromagnetic theory form Chap. 5, “Wave 
Optics". This chapter develops the elements of interference and diffraction, 
mostly in preparation for their application to the next chapter. Here, we 
discuss interference that is brought about by two or more reflections from 
partially reflecting surfaces and interference that is brought about by geomet- 
rically dividing a beam into segments, as in the double-slit experiment. These 
are treated by the mathematically simple far-field or Fraunhofer-diffraction 
theory, a formalism that is appropriate for a majority of applications, in- 
cluding lens optics. Chapter 5 includes, however, enough near-feld diffraction 
theory to allow an understanding of the role of the Fresnel zone plate in 
holography. 
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Coherence relates to the ability of a beam of light to form an interference 
pattern. Incoherent light, for example, is wholly incapable of forming an 
interference pattern. The coherence properties of a beam of light influence the 
kind of image that will be formed; even the resolution is different in coherent 
light than in incoherent light. The discussion of coherence and of imaging 
and resolution in coherent light in Chap.5 is unusual, perhaps unique, for a 
book of this level. 

Chapter 6, “Interferometry and Related Areas”, includes diffraction grat- 
ings and interferometers. These are instruments that can be used to disperse 
light so that its constituent wavelengths can be distinguished; other interfer- 
ometers are used for measuring distance, for example, or for testing optics. 
The chapter concludes with a description of multilayer mirrors, which may 
be used for very efficient reflectors, and interference filters, which may be 
used to transmit a very narrow band of wavelengths. 

Chapter 7, “Holography and Image Processing”, begins by describing 
holography almost entirely in terms of Fresnel zone plates and diffraction 
gratings. It uses simple arguments to derive, for example, the maximum field 
of view of a hologram as a function of the resolving power of the record- 
ing medium, and the minimum angle between the reference and the ohject 
beam. Chapter 7 goes on to describe Fourier-tranform optics and includes the 
Abbe theory of the microscope and ways such as phase-contrast microscopy 
and spatial filtering for manipulating an image. Phase-contrast microscopy, 
for example, can be used to make visible the image of an object that con- 
sists entirely of structures that are transparent but have a different index 
of refraction from their surrounding. The chapter continues with sections on 
transfer functions and concludes with sections on scanning microscopy, video 
microscopy, and digital image processing. The treatment of scanning confocal 
microscopy includes what I think is a new heuristic derivation of the impulse 
response of this instrument. 

Chapter 8, “Lasers”, is intended to introduce the terms and concepts 
related to lasers and optical resonators. It begins by discussing the dynamics 
of exciting a laser material to operate as a continuous laser; a Q-switched 
or giant-pulse laser, emits pulses several nanoseconds in duration and with 
peak powers of hundreds of megawatts; and a mode-locked laser, which can 
generate pulses shorter than 1 ps. This chapter goes on to describe optical 
resonators; laser modes, or allowed radiation patterns; and the propagation 
of Gaussian beams, which is fundamentally different from propagation of 
the uniform beams encountered in ordinary, incoherent optics. The chapter 
concludes with a discussion of the most important solid, liquid, and gas lasers, 
and with a discussion of laser safety. 

Chapter 9, “Electromagnetic and Polarization Effects”, begins by explain- 
ing that light is a transverse wave and showing some of the consequences of 
this fact. For example, Brewster’s angle is the angle of incidence at which one 
polarization displays little or no reflection. The chapter continues by describ- 
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ing reflection from a dielectric interface. Total internal reflection is treated 
in some detail, because of the connection with optical waveguides, and the 
phase change on reflection is presented in a new way that is designed to 
show clearly how that phase change varies from 0 to 7 within the region of 
total reflection. Chapter 9 concludes with discussions of polarization optics, 
nonlinear optics, and electro-optics, magneto-optics, and acousto-optics. 

Among the major advances in optics are the maturing of optical com- 
munications and the development of integrated optics. Chapter 10, “Fibers 
and Optical Waveguides” , develops optical waveguide theory primarily on the 
basis of ray optics and interference in planar waveguides. When necessary, 
however, I quote more precise results or results for waveguides with circular 
cross sections. Prism and grating couplers are included in this chapter for tu- 
torial reasons; they could as logically have found their way into the chapter 
on integrated optics. Chapter 10 discusses modes in waveguides, single-mode 
waveguides, graded-index fibers, leaky rays, and the kind of launch condi- 
tions used for many measurements. It concludes with a discussion of losses 
in splices or connectors between both multimode and single-mode fibers. 

Chapter 11, “Optical-Fiber Measurements" , deals with attenuation, elec- 
trical bandwidth, index profile and core diameter, optical time-domain re- 
flectometry, numerical aperture, and the techniques for measuring them. For 
index profile measurements, I have chosen to dwell particularly on near- 
field scanning and the refracted-ray method, because these are becoming 
widespread and are recommended procedures of the Telecommunications In- 
dustry Association. 

Chapter 12, "Integrated Optics", makes a slightly artificial distinction 
between optical integrated circuits and planar optical devices. Optical inte- 
grated circuits perform functions analogous to electronic and microwave cir- 
cuits, whereas planar optical devices are planar versions of optical devices 
like lenses, diffraction gratings, and optical processors. The section on op- 
tical integrated circuits is largely descriptive, since I have anticipated the 
necessary physics in previous chapters. It includes descriptions of channel or 
strip waveguides, or waveguides that confine the light in two dimensions; and 
branches, couplers, and modulators for manipulating light within a circuit 
and coupling the light into or out of the circuit. 

The section on planar devices uses a planar spectrum analyzer as a starting 
point from which to discuss some of the components, especially planar lenses. 
The chapter next describes a variety of uses for gratings in planar optics: as 
lenses, as couplers to other waveguides, and as couplers out of the plane of 
the device, as between integrated (electronic) circuits. The chapter concludes 
by describing surface-emitting lasers, which are distinguished from the more 
conventional edge-emitting lasers and can be made into arrays or connected 
efficiently to optical fibers. 
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2.1 Reflection and Refraction 


In this chapter we treat light beams as rays that propagate along lines, except 
at interfaces between dissimilar materials, where the rays may be bent or 
refracted. This approach, which had been assumed to be completely accurate 
before the discovery of the wave nature of light, leads to a great many useful 
results regarding lens optics and optical instruments. 


2.1.1 Refraction 


When a light ray strikes a smooth interface between two transparent media 
at an angle, it is refracted. Each medium may be characterized by an indez 
of refraction n, which is a useful parameter for describing the sharpness of 
the refraction at the interface. The index of refraction of air (more precisely, 
of free space) is arbitrarily taken to be 1. n is most conveniently regarded as 
a parameter whose value is determined by experiment. We know now that 
the physical significance of n is that it is the ratio of the velocity of light in 
vacuo to that in the medium. 

Suppose that the ray in Fig. 2.1 is incident on the interface at point O. It 
is refracted in such a way that 


nsini — n'sin?' , (2.1) 


no matter what the inclination of the incident ray to the surface. n is the 
index of refraction of the first medium, n' that of the second. The angle 


Fig. 2.1. Refraction at an interface 
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1s Fig. 2.2. Index of refraction of several 
glasses as a function of wavelength 


Index of Refraction n 
p 


A (nm) 


of incidence i is the angle between the incident ray and the normal to the 
surface; the angle of refraction i' is the angle between the refracted ray and 
the normal. Equation (2.1) is known as the law of refraction, or Snell’s law. 


2.1.2 Index of Refraction 


Most common optical materials are transparent in the visible region of the 
spectrum, whose wavelength ranges from 400 to 700 nm. They exhibit strong 
absorption at shorter wavelengths, usually 200 nm and below. 

The index of refraction of a given material is not independent of wave- 
length, but generally increases slightly with decreasing wavelength. (Near the 
absorption edge at 200 nm, the index of glass increases sharply.) This phe- 
nomenon is known as dispersion; dispersion curves of several common glasses 
are given in Fig. 2.2. Dispersion can be used to display a spectrum with a 
prism; it also gives rise to unwanted variations of lens properties with wave- 
length. 

Optical glasses are generally specified both by index n (see Table 2.1) 
and by a quantity known as dispersion v, 


np — nc 
mE EE (2.2) 
The subscripts F, D, and C refer to the indexes at three specific wavelengths, 
called Fraunhofer wavelengths: The Fraunhofer F wavelength is 486 nm; the 
D wavelength is 589 nm; and the C wavelength is 656 nm. The F and C wave- 
lengths are derived from hydrogen discharge lamps, and the D wavelength, 
from a sodium lamp. 


2.1.3 Reflection 


Certain highly polished metal surfaces and other interfaces may reflect all or 
nearly all of the light falling on the surface. In addition, ordinary, transparent 
glasses reflect a few percent of the incident light and transmit the rest. 
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Table 2.1. Index of refraction of various optical materials 


Material Index of Material Index of 
refraction np |. . reéfraction np 

air 1.0003 sodium chloride 1.54 
water 1.33 light flint glass 1.57 
methanol 1.33 carbon disulfide 1.62 
ethanol 1.36 medium flint glass 1.63 
magnesium fluoride 1.38 dense flint glass 1.66 
vitreous silica 1.46 sapphire 1.77 
Pyrex glass 1.47 extra-dense flint glass 1.73 
benzene 1.50 heaviest flint glass 1.89 
xylene 1.50 zinc sulfide (thin film) 2.3 
crown glass 1.52 titanium dioxide (thin film) 2.4-2.9 
Canada balsam 

(center) 1.53 


Figure 2.3 depicts a reflecting surface. The angle of incidence is i and 
the angle of reflection i’. Experiment shows that the angles of incidence and 
reflection are equal, except in a very few peculiar cases. We shall later adopt 
the convention that i is positive as shown; that is, if the acute angle opens 
counter-clockwise from the normal to the ray, i is positive. The sign of i’ is 
clearly opposite to that of i. We therefore write the law of reflection as 


i' 2 i. (2.3) 


Fig. 2.3. Reflection at an interface 


2.1.4 Total Internal Reflection 


Here we consider a ray that strikes an interface from the high-index side, say, 
from glass to air (not air to glass). This is known as internal refraction. The 
law of refraction shows that the incident ray is in this case bent away from 
the normal when it crosses the interface (Fig. 2.4). Thus, there will be some 
angle of incidence for which the refracted ray will travel just parallel to the 
interface. In this case, i’ = 90°, so the law of refraction becomes 


nsini, = n'sin90? , (2.4) 
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Fig. 2.4. Refraction near the critical angle 


(n) | (n'« n) 


where i, is known as the critical angle. Since sin 90? = 1, 
vi n | 
sini, — (=) (2.5) 


If i exceeds i,, then nsini > n’, and the law of refraction demands that 
sin i exceed 1. Because no real angle satisfies this condition, we conclude that 
there can be no refracted ray in such cases. The light cannot simply vanish, so 
we are not surprised that it must be wholly reflected; this is indeed the case. 
The phenomenon is known as total internal reflection; it occurs whenever 


/ 
i > sin! (=) (2.6) 


The refiected light obeys the law of reflection. 

For a typical glass~air interface, n = 1.5; the critical angle is about 42°. 
Glass prisms that exhibit total reflection are therefore commonly used as 
mirrors with angles of incidence of about 45°. 


2.1.5 Reflecting Prisms 


There are many different types of reflecting prism. The most common are 
prisms whose cross sections are right isosceles triangles. Figure 2.5 shows 
such a prism being used in place of a plane mirror. One advantage of a 
prism over a metal-coated mirror is that its reflectance is nearly 100 % if the 
surfaces normal to the light are antireflection coated (Sect. 6.4). Further, the 


Fig. 2.5. Reflecting prisms 
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prism’s properties do not change as the prism ages, whereas metallic mirrors 
are subject to oxidation and are relatively easy to scratch. A glass prism 
is sufficiently durable that it can withstand all but the most intense laser 
beams. 

In image-forming systems, these prisms must be used in parallel light 
beams to avoid introducing defects into the optical image. 

Figure 2.5 also shows the same prism being used to reflect a beam back 
into the direction from which it originated. Prisms used in this manner are 
often called Porro prisms or roof prisms. It is left as a problem to show that 
an incoming ray is always reflected parallel to itself, provided only that the 
incident ray lie in a plane perpendicular to the face of the prism (Problem 
2.1). 

A cube corner or retroreflector is a prism with three edges that intersect 
at right angles to one another, as the edges of a cube intersect at right angles 
at the corners. Such a prism is a sort of generalization of the roof prism and 
reflects any ray parallel to itself, independent of its orientation. An observer 
looking at a cube-corner reflector sees only the pupil of his or her eye at the 
center of the reflector. 


2.2 Imaging 


2.2.1 Spherical Surfaces 


Because a simple lens consists of a piece of glass with, in general, two spherical 
surfaces, we will find it necessary to examine some of the properties of a single, 
spherical refracting surface. If you will pardon an almost unconscionable pun, 
we will for brevity call such a surface, shown in Fig. 2.6, a “len”. Two of these 
form a lens. To avoid confusion, we will always place “len” in quotes. 

We are interested in the imaging property of the “len”. We consider a 
bright point A and define the axis along the line AC, where C is the center of 
the spherical surface. We examine a particular ray AP that strikes the “len” 
at P. We shall be interested in the point A' where this ray intersects the axis. 


Fig. 2.6. Spherical refracting surface 
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Before proceeding any further, we must adopt a sign convention. The 
choice of convention is, of course, arbitrary, but once we choose a convention, 
we shall have to stick with it. The convention we adopt appears, at first, 
complicated. We choose it at least in part because it is universally applicable; 
with it we will not need to derive a special convention for spherical mirrors. 

To begin, imagine a set of Cartesian coordinate axes centered at O. Dis- 
tances are measured from O. Distances measured from O to the right are 
positive; those measured from O to the left are negative. Thus, for example, 
OA’ and OC are positive, whereas OA is negative. Similarly, distances mea- 
sured above the axis are positive; those below are negative. This is our first 
sign convention. 

We now adopt a convention for the signs of angles such as angle OAP or 
OA'P. We determine their signs by trigonometry. For example, the tangent 
of angle OAP is approximately 


tan OAP ~ y/OA , (2.7) 


where y is the distance indicated between P and the axis. Our previous con- 
vention shows that y is positive, and OA, negative. Thus, tan OAP is negative 
and so is OAP itself. Similarly, OA'P and OCP are positive. 

This is our second sign convention. An equivalent statement is that angle 
OA’P (for example) is positive if it opens clockwise from the axis, or negative 
otherwise. It is probably simplest, however, merely to remember that angle 
OAP is negative as drawn in Fig. 2.6. 

Finally, we deal with angles of incidence and refraction, such as angle 
CPA’. It is most convenient to define CPA’ to be positive as shown in Fig. 2.6. 
This convention has already been stated formally in connection with Fig. 2.3. 
The angle of incidence or refraction is positive if it opens counter-clockwise 
from the normal (which is, in this case, the radius of the spherical surface). 

Unfortunately, when the last convention is expressed in this way, the state- 
ment differs from that which refers to angles (such as OAP) formed by a ray 
crossing the axis. It is best to learn the sign convention by remembering the 
signs of all of the important angles in Fig. 2.6. Only angle OAP is negative. 

Let us now assign symbols to the more important quantities in Fig. 2.6. 
The point A’ is located a distance /' to the right of O, and the ray intersects 
the axis at A’ with angle u’. The quantities u and a are defined analogously. 
The radius R through the point P makes angle a with the axis. The angles 
of incidence and refraction are i and i'. 

Parameters in image space are indicated by primed characters; those in 
object space are indicated by unprimed characters. This is another convention. 
The object and the image may be on opposite sides of the lens or, as we shall 
see (Fig. 2.10), they may lie on the same side. Thus, the convention does not 
imply, for example, that distances to the left of the lens are unprimed and 
distances to the right are primed. In fact an object or an image may lie on 
either side of the lens; therefore, primed or unprimed quantities may be either 
positive or negative. 
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We must be careful of the signs of | and u, both of which are negative 
according to our sign convention. This is indicated in Fig. 2.6 with parenthet- 
ical minus signs. We shall later find it necessary, after a derivation based on 
geometry alone, to go through our formulas and change the signs of all quan- 
tities that are algebraically negative. This is so because our sign convention is 
not that used in ordinary geometry. To make our formulas both algebraically 
and numerically correct, we must introduce our sign convention, which we do 
as indicated, by changing signs appropriately. 


2.2.2 Object-Image Relationship 


We now attempt to find a relationship between the quantities / and /' for a 
given geometry. First, we relate angles u and ? to angle a. The three angles 
in triangle PAC are u, o, and 7 — i. Because the sum of these angles must be 
7, we have 


uctoc-(r-i)-m, (2.8) 
Or 

i=a+u. (2.9a) 
Similarly, 

i =a- u. (2.9b) 


At this point, it is convenient to make the parazial approrimation, namely, 
the approximation that the ray AP remains sufficiently close to the axis that 
angles u, u', i, and i’ are so small that their sines or tangents can be replaced 
by their arguments; that is, 


sin? = tanĝ = 0 , (2.10) 


where @ is measured in radians. 

It is difficult to draw rays that nearly ccincide with the axis, so we redraw 
Fig. 2.6 by expanding the vertical axis by a very large factor, while leaving 
the horizontal axis intact. The result is shown in Fig. 2.7. The vertical axis 
has been stretched so much that the surface looks like a plane. In addition, 
because only one axis has been expanded, all angles are greatly distorted and 
can be discussed only in terms of their tangents. Thus, for example, 


u — y/l (2.11a) 
and 
uw = y/I' (2.11b) 


in the paraxial approximation. Also, large angles are distorted. Although 
the radius is normal to the surface, it does not look normal in the paraxial 
approximation. 
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Fig. 2.7. Spherical refracting surface in paraxial approxomation 


To return to the problem at hand, the law of refraction is 


ni = n^i (2.12) 
in the paraxial approximation; from (2.9) and (2.12) we write 

n(a +u) 2 n'(a — v). (2.13) 
Because OC = R, we write a as 

a=y/R. (2.14) 
Equation (2.13) therefore becomes 

(het =n (EB). om 


A factor of y is common to every term and therefore cancels. We rewrite 
(2.15) as 
n n n'-n 
TI R 
At this point, we have made no mention of the sign convention. We derived 
the preceding equation on the basis of geometry alone. According to our sign 
convention, all of the terms in the equation are positive, except l, which 
is negative. To make the equation algebraically correct, we must, therefore, 


change the sign of the term containing /. This change alters the equation to 


(2.16) 


n n m-n 
Po mW 
which we call the “len” equation. 
There is no dependence on y in the “len” equation. Thus, in the paraxial 
approximation, every ray leaving A (and striking the surface) crosses the axis 
at A’. We therefore call A’ the image of A. A and A’ are called conjugate 
points, and the object distance l and image distance l' are called conjugate 
distances. 
Had we not made the paraxial approximation, the y dependence of the 
image point would not have vanished. Rays that struck the lens at large 
values of y would not cross the axis precisely at A’. The dependence on y is 


(2.17) 


2.2 Imaging 13 


relatively small, so we would still call A’ the image point. We say that the 
image suffers from aberrations if all of the geometrical rays do not cross the 
axis within a specified distance of A’. 


2.2.3 Use of the Sign Convention 


A word of warning with regard to the signs in algebraic expressions: because 
of the sign convention adopted here, derivations based solely on geometry 
will not necessarily result in the correct sign for a given term. There are two 
ways to correct this defect. The first, to carry a minus sign before the symbol 
of each negative quantity, is too cumbersome and confusing for general use. 
Thus, we adopt the second, which is to go through the final formula and 
change the sign of each negative quantity. This procedure has already been 
adopted in connection with the “len” equation and is necessary, as noted, to 
make the formula algebraically correct. It is important, though, not to change 
the signs until the final step. lest some signs be altered twice. 


2.2.4 Lens Equation 


A thin lens consists merely of two successive spherical refracting surfaces with 
a very small separation between them. Figure 2.8 shows a thin lens in air. 
The index of the lens is n. The two refracting surfaces have radii R) and Ro, 
both of which are drawn positive. 

We can derive an equation that relates the object distance | and the image 
distance l’ by considering the behavior of the two surfaces separately. The 
first surface alone would project an image of point A to a point A^. If Aj is 
located at a distance l} to the right of the first surface, the “len” equation 
shows that, in the paraxial approximation, 


n 1 n-i 

o male 2.18 

h d Rı dsl 
because n is the index of the glass (second medium) and 1, the index of the 
air. 

The ray never reaches Àj, because it is intercepted by the second surface. 
Hitting the second surface, however, the ray behaves as if an object were 
located at Aj. The object distance is li if we neglect the thickness of the 


Fig. 2.8. Thin lens 


14 2. Ray Optics 


lens. In applying the “len” equation to the second surface, we must realize 
that the ray travels across the interface from glass to air. Thus, n is now the 
index of the first medium and 1, that of the second. The final image point A' 
is also the image projected by the lens as a whole. If we call the corresponding 
image distance /', then the “len” equation yields 


I-A ien (2.19) 


for the second surface. 
If we add the last two equations algebraically to eliminate l}, we find that 


1 1 1 1 
pj E A | aa 
which is known as the lens-maker’s formula. The lens-maker’s formula was 
derived from the “len” equation by algebra alone. There are no signs to change 
because that step was included in the derivation of the “len” equation. 

We may define a quantity f’ whose reciprocal is equal to the right side of 
the lens-maker’s formula, 


1 l I 

—=(n-1)[(—-—]. 2.21 

5 70-D(z - x) (221) 
The lens-maker's formula may then be written as 

l 

f bulk (2.22) 


where f" is the focal length of the lens. We call this equation the lens equation. 

We may see the significance of f’ in the following way. If the object is 
infinitely distant from the lens, then | = —oo (Fig. 2.9). The lens equation 
then shows that the image distance is equal to f'. If the object is located 
along the axis of the lens, the image also falls on the axis. We call the image 
point in this case the secondary focal point F'. Any ray that travels parallel 
to the axis is directed by the lens through F', an observation that we will 
later find particularly useful. 

We define the primary focal point F in a similar way. The primary focal 
length f is the object distance for which l’ = oo. Thus, the lens equation 
shows that 


fi=-f; (2.23) 


Fig. 2.9. Primary and secondary 
focal lengths 
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the primary and secondary focal lengths have equal magnitudes. Any ray 
that passes through F from the left will be directed by the lens parallel to 
the axis. When a ray enters the optical system from the right, use f instead 
of f' in (2.22). That is, use the negative of f'. 

Finally, in the general case, a lens may have different media on opposite 
sides. In this case, the lens equation is 


/ 
a aH. (2.24) 
| o4 f£ f 
where n and n’ are the indexes of the first and second media, respectively. 
The primary and secondary focal lengths are not equal, but are related by 


f'/f=—-n'/n. (2.25) 


Example 2.1. Show that the combined focal length of two thin lenses in contact 
is 


1/fe — 1/fi  1/f2. (2.26) 
Begin with a finite object distance | and show that the combination obeys the lens 
equation with the proper effective focal length fi. 

More generally, it is possible to show that the effective focal length of two thin 
lenses separated by a distance d is given by 


W/fe = V fy + Y/fa - d/ fi f2 - (2.27) 


Example 2.2. Huygens Eyepiece. It is possible to make an achromatic eyepiece 
of two thin lenses even if the lenses are made of the same glass with the same 
index of refraction and dispersion. That is, to first approximation, the power of the 
eyepiece will not vary with wavelength. 

Beginning with the formula for the power of two thin lenses separated by a 
distance d show that the power of the eyepiece is roughly independent of the index 
of refraction when the separation between the lenses is 


"m ; TESI (2.28) 


Because the index of refraction depends on wavelength, this is equivalent to showing 
that the power is independent of a small change in index of refraction when d is 
given by (2.28). An eyepiece made according to this formula is called a Huygens 
eyepiece. 


Note: The solutions to examples and problems begin on p. 344. 


2.2.5 Classification of Lenses and Images 


This is very largely self-explanatory and is illustrated in Fig. 2.10. A positive 
lens is a lens that will cause a bundle of parallel rays to converge to a point. 
Its secondary focal point lies to the right of the lens, and f' is therefore 
positive. It may be regarded as a lens that is capable of projecting an image 
of a relatively distant object on a screen. An image that can be projected 
on a screen is called a real image. In general, a positive lens projects a real; 
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c 
Fig. 2.10. (a) Positive lens; real, inverted image. (b) Positive lens; virtual, erect 
image. (c) Negative lens; virtual, erect image. (d) Negative lens; real, erect image 
and virtual object 


inverted image of any object located to the left of its primary focal point F. 
When an object is located at F, the image is projected to oo. The lens is not 
strong enough to project an image when the object is inside F. In that case, 
an erect image appears to lie behind the lens and is known as a virtual image. 

A positive lens need not have two conver surfaces (like those in Fig. 2.10). 
It may have the meniscus shape of Fig.2.8. If the lens is thickest in the 
middle, the lens-maker's formula (2.20) will show it to be a positive lens. 

A negative lens, shown also in Fig.2.10, has its secondary focal point 
located to its left. Its secondary focal length f' is negative, and it cannot 
project a real image of a real object. Rather, it displays an erect, virtual 
image of such an object. In only one instance can a negative lens display a 
real image: when a positive lens projects a real image that is intercepted by 
a negative lens located to the left of the image plane. Because the rays are 
cut off by the negative lens, the real image never appears, but behaves as a 
virtual object projected by the negative lens as shown in the figure. 

Like a positive lens, a negative lens need not be concave on both surfaces, 
but may be a meniscus. If the lens is thinnest in the center, f' will prove to 
be negative and the lens, also negative. 


2.2.6 Spherical Mirrors 


Our formalism allows mirror optics to be developed as a special case of lens 


optics. We notice first that the law of reflection i’ = —i can also be written 
(—1)sin?' = 1sini , (2.29) 
which is precisely analogous to the law of refraction, with n' = —1. We may 


therefore regard a mirror as a single refracting surface, across which the index 
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a b 


Fig. 2.11. (a) Concave mirror; real, inverted image. (b) Convex mirror; virtual, 
erect image 


changes from +1 to —1. It is left as a problem to apply the “len” equation 
to this case. We find that the focal length of a mirror is 


f' =R/2, (2.30) 
where R is the radius of curvature. In addition, the focal points F and F’ 
coincide. The formula that relates the conjugates for a curved-mirror system 
is 

(1/D) + (1/1) =2/R. (2.31) 


Mirrors are usually classified as concave and conver. Figure 2.11 shows 
that a concave mirror usually projects a real, inverted image, whereas a con- 
vex mirror forms an erect, virtual image of a real object. 


2.2.7 Thick Lenses 


To this point, we have discussed only single-element lenses and neglected their 
thickness. The thin-lens approximation is not always applicable, but fortu- 
nately the formalism requires relatively little modification to accommodate 
thick lenses with many elements. 

To begin, consider the fat lens in Fig.2.12. We limit ourselves to the 
paraxial approximation and, accordingly, work with the tangents to the ac- 
tual surfaces of the lens. Knowing the radii of the surfaces, we trace the path 
of a ray travelling originally parallel to the lens axis. The ray is refracted 
downward (in this case) at each surface and crosses the axis at F'. If we 
knew nothing about the lens but examined the incident and emerging rays, 


CT 
ow 


Fig. 2.12. Thick lens; construction of secondary principal plane 
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Fig. 2.13. Cardinal points of an optical system 


we might state that the refraction of the incident ray appeared to take place 
at Q’. The locus of such points Q’ that correspond to rays incident at dif- 
ferent heights is known as the equivalent refracting surface. In the paraxial 
approximation, the equivalent refracting surface is a plane known as the sec- 
ondary principal plane. The secondary principal plane intersects the axis at 
the secondary principal point P'. 

We could also trace a ray that originates from the primary focal point F 
and construct the primary principal plane and the primary principal point P 
in precisely the same way. In general P and P' do not coincide; either or both 
may well lie outside the lens itself. 

Precisely the same kind of construction can be performed on a complicated 
multi-element lens. For our convenience, we replace the lens by its focal points 
and principal planes, as shown in Fig. 2.13. We shall call these four points 
the cardinal points of the lens. 

The principal planes were generated by examining, respectively, rays in- 
cident and emerging parallel to the axis. It is possible to show further that 
arbitrary rays can also be constructed with the aid of the principal planes. 
Figure 2.14 illustrates the construction of an image point. All rays behave 
as if they intersect the primary principal plane, jump the gap between the 
planes with no change of height, and are directed at the secondary principal 
plane toward the proper image point. The region between P and P’ is, in a 
sense, dead space. 

Formulas such as the lens equation may be applied to thick lenses, pro- 
vided that object and image distances are measured from P and P', respec- 
tively. The lens focal lengths are thus PF and P'F'. The distance from the 
rear surface of the lens to F', for example, is almost never equal to the focal 


Fig. 2.14. Formation of the image 
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length. This distance is known as the back focal length or working distance. 
As the latter name implies, it may be extremely important in the mechanical 
design of optical instruments. 

The focal length of a thick, single-element lens whose index of refraction 
is n is given implicitly by the equation 


1 1 1 d(n—1)° 
ea i 2) cee, aa) 


where d is the thickness of the lens. 


2.2.8 Image Construction 


For making certain computations, an image is most easily constructed by 
tracing two or three particular rays. For example, to locate the image in 
Fig. 2.14, it is necessary to trace only two of the many rays that originate 
from the arrowhead. Their intersection locates the image of the arrowhead 
in the paraxial approximation. 

For our construction, we choose, first, the ray that leaves the arrowhead 
parallel to the axis. The lens directs that ray through F'. The second ray is 
the one that passes through F. The lens directs that ray parallel to the axis. 
Where the rays intersect, we draw the arrowhead and construct the image 
by constructing the perpendicular to the axis, as shown. 

Besides these two rays, it is often useful to trace the ray directed at P. 
This ray emerges from P’. To trace the path of this ray, first consider a thin 
lens in the paraxial approximation. Consider a ray directed with angle w 
toward the center of the lens. Because the lens is infinitesimally thin, the ray 
is equivalently directed toward the vertex of the first surface, that is, toward 
the intersection of the first surface with the axis. Near the axis, however, the 
surface appears to be a plane perpendicular to the axis. The ray is refracted 
with angle of refraction r. It passes through the lens with no change of height, 
because the lens is infinitesimally thin. The second surface also appears to 
be a plane perpendicular to the axis, and the angle of emergence w' from 
the lens is, by a second application of Snell's law (2.1), equal to the angle of 
incidence w, or 


w= w. (2.33) 


In other words, near its vertex, a thin lens in the paraxial approximation 
looks like a thin parallel plate, so any ray directed toward the center of the 
lens is undeviated by the lens. 

A lens may be immersed in fluids that have different indexes of refraction; 
typically, this means air on one side and water or oil on the other. The 
argument that led to (2.33) shows that, in the general case, 


n'w = nw , (2.34) 
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Fig. 2.15. Ray directed toward the primary principal point 


where n is the index of refraction on the left side of the lens, and n’ is the 
index on the right side. 

Equation (2.34) may be applied to a thick lens simply by replacing the 
center of the thin lens with the two principal planes. That is, in Fig. 2.15, 
one ray is directed toward the primary principal plane P and makes angle w 
with the axis. The angle of the ray that emerges from the secondary principal 
plane P’ is the angle w’ given implicitly by (2.34). This is an important result 
for the ray-tracing applications that follow. 

A ray directed at P emerges from P’ unchanged in direction, provided 
that the lens is wholly immersed in air or some other fluid. This property 
defines the nodal points of a lens. If the lens is immersed in air, the nodal 
points coincide with the principal points; if the index on one side of the lens 
differs from that on the other, they do not. 

We may use the property of the nodal points to locate the principal planes 
of a thick lens: if a ray were to be directed precisely at P, it would emerge 
from P’ unchanged in direction, even if we were to swivel the lens about an 
axis that passed through P, that is, if we were to scan through a range of 
values of w by rotating the lens rather than the incident beam. This is so 
because, according to (2.33) w' = w, irrespective of the value of w. 

To locate the nodal points, swivel the lens around an axis perpendicular 
to the axis of the lens. Then, translate the lens parallel to its own axis until 
the direction of the emergent ray remains unaffected by the rotation. The 
axis of rotation now passes through the primary principal point. An optical 
bench that performs these operations - translating and swiveling the lens - 
is called a nodal slide, because it locates the principal points by using their 
nodal-point property. The secondary principal plane may be located by re- 
versing the direction of the lens in the nodal slide. 


2.2.9 Magnification 


We construct an image, using the two rays shown in Fig. 2.16. We require the 
fact that w' — w, as we have just shown. From simple geometry, we find that 


w=h/l (2.35a) 
and 


w=w - h'/l', (2.35b) 
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Fig. 2.16. Magnification 


where his the object height and h’, the image height. Equating w' and w, as 
indicated, we find 


h'/h zl. (2.36) 
We define magnification as the ratio of image height to object height, 

m — h'fh . (2.37) 
In terms of l and l’, therefore, 

"mer. (2.38) 


The definition of m includes the signs of | and l’. m is therefore negative 
when the image is inverted, as in Fig. 2.16, and positive when the image is 
erect. 

In addition to magnification m, we define a quantity known as longitu- 
dinal magnification u. The concept is illustrated in Fig. 2.17, where a small 
object with length Al lies along the optical axis. Its image is shown as a real 
image and has length Al’. The ratio of these lengths is u. The easiest way to 
calculate yz is to begin with the lens equation in air, 


(1/l’) - (1/0) =1/f". (2.39) 
We differentiate both sides with respect to l and find that 
- (1/707) (Al’/Al) - 1/7? « 0, (2.40) 


because f' is a constant. 
Defining u by 


p= Al’ /Al, (2.41) 
we find immediately that 
p= (D (2.42) 


or 


Fig. 2.17. Longitudinal magnifi- 
cation 
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um. (2.43) 
The longitudinal magnification air is the square of the magnification. 


Example 2.3. | Photographers use the effective F-number ( f' / D)(1— m), where m 
is negative for a real, inverted image, to help determine the correct exposure for 
close-up photography when m is of the order of —1. Help establish the validity of 
this parameter by showing that I’ = f'(1— m). Incidentally, on the other side of the 
lens, | = f(1— 1/m). [In photography, the relation is usually written ( f' / D)(14- m), 
where m is here the magnitude of the magnification.] 


2.2.10 Newton's Form of the Lens Equation 


This is an alternative form of the lens equation and is most useful when either 
conjugate point is close to a focal point. 

We define the distance z between F and the object point, as in Fig. 2.18. 
Because the opposite angles formed at F are equal, 


h/z — h/f. (2.442) 
Similarly, we define x’ and find that 

h'[a! s h/f. (2.44b) 
Extracting a factor of h'/h from each equation, we find that 

ax’ = ff. (2.45) 


Because f and x are both negative, it is not necessary to alter any signs in 
this equation. For a lens in air, f' = — f and the equation becomes 


rr = -—f", (2.46) 


which is Newton’s form of the lens equation. 


Fig. 2.18. Newton’s form of the 
lens equation 


2.2.11 Lagrange Invariant 


To derive a quantity known as the Lagrange invariant, we trace the two rays 
shown in Fig. 2.19. We consider the general case of a lens with different media 
on either side. It is straightforward to generalize our earlier theorem (2.34) 
and show that the relation 


nw = n'w' (2.47) 
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Fig. 2.19. Lagrange invariant 


pertains to any ray directed at the primary principal point P. Because w — 
h/l and w = h'/l', we find that 


n (h/l) =n’ (h'/U’) . (2.48) 


We trace a second ray that originates on the axis (at the tail of the arrow). 
If the ray intersects the principal plane at height y, then l and l’ are related 
to u and v' by u = y/l and u’ = y/l'. Thus, we find that 


Anu = h'n'u . (2.49) 


That is, the quantity hnu remains constant as we trace a given ray through 
an optical system. 

hnu is known as the Lagrange invariant. When we avoid the paraxial 
approximation, we find that a well-corrected optical system should obey the 
sine condition, that 


hnsin u = h'n'sinw' . (2.50) 


hnsin u becomes hnu in the paraxial approximation. u is usually taken as 
the greatest angle that will allow the ray to enter the optical system. 


2.2.12 Aberrations 


Virtually all of this chapter has dealt with paraxial optics. Specifically, we 
have assumed that all angles, such as the angle of incidence of any ray on 
any refracting surface, are small. If that is so, then the geometrical image of 
a point is a point. In reality, however, the paraxial condition is never exactly 
satisfied, and the geometrical image of a point is not a point but rather a 
relatively compact distribution of points, sometimes wholly displaced from 
the paraxial location. 

Figure 2.20 traces rays across the surface of a microscope coverslip. The 
coverslip is 170 um thick, and its index of refraction is 1.522. The incident 
rays converge to a point, but the rays that hit the interface at finite angles 
miss the paraxial image point as a result of spherical aberration. (See also 
Problem 2.10.) The most steeply inclined ray intersects the image plane at a 
finite distance from the paraxial image point. 

All real lenses made from spherical surfaces similarly display spheri- 
cal aberration. Additionally, if the object point is distant from the axis of 
the lens, or off-aris, the image may display other aberrations, astigmatism, 
coma, distortion, and field curvature. These are the third-order aberrations, 
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Fig. 2.20. Ray traces across the surface 
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or Seidel aberrations, and are calculated by using the approximation that 
sin 0 & 0 — 0* /3! for any angle of incidence or refraction. Fifth-order aberra- 
tions are calculated by adding the term 65/5! to the series. In addition, the 
index of refraction of the lens is a function of wavelength, so its focal length 
varies slightly with wavelength; the resulting aberration is called chromatic 
aberration. 

Spherical aberration appears both on the axis and off the axis, and does 
not, depend on the distance off-axis. In the absence of other aberrations, an 
image of a point is not compact but rather occupies a small, circular region. 
The radius of that region is denoted T'A (for transverse aberration) and is 
used to quantify the spherical aberration of the lens. The spherical aberration 
of a thin lens increases in proportion to the cube of the diameter of the lens. 
The other third-order aberrations appear only off-axis and become more 
severe as the distance from the axis increases or, equivalently, as the off-axis 
angle of the object increases. 

As the name implies, coma gives rise to a cometlike image; the head of 
the comet is the paraxial image point, and the aberration manifests itself as 
the tail. The tail points away from the axis of the lens and is 3 times longer 
than it is wide. The length of the comatic image, from the paraxial image 
point to the end of the tail, increases in proportion to the square of the lens 
diameter and to the distance of the image point from the axis of the lens. 

Astigmatism occurs because an off-axis bundle of rays strikes the lens 
asymmetrically. This assymmetry causes a pair of line images to appear: one 
behind the plane of best focus and one in front of it. The axial distance 
between these two images is called the astigmatic difference and is used to 
quantify the astigmatism of a lens. The astigmatic difference is approximately 
proportional to the focal length of a thin lens; it increases in proportion to 
the square of the distance off-axis and to the diameter of the aperture stop. 

The image projected by a lens does not truly lie on a plane but rather 
on a curved surface, even if other aberrations are 0. The aberration is called 
field curvature, and the curved focal surface is called the Petzval surface. The 
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Petzval surface of a thin, positive lens is concave on the side toward the lens. 
The radius of curvature of a system of thin lenses is the reciprocal of the 
Petzval sum 5 (1/n;f;), where the sum is taken over every element of the 
lens. If-one or more of the lens elements is negative, the Petzval sum may be 
0. A lens whose Petzval sum is 0 is called flat-fielded. 

If the magnification is a function of the distance of an image point from 
the axis, then the image will not be rectilinear. The resulting aberration is 
called distortion. If a square, for example, is imaged with its sides bowed 
inward, we speak of pincushion distortion. Pincushion distortion (or positive 
distortion) results when the magnification m increases with distance from 
the axis. If the square is imaged with its sides bowed outward, we speak of 
barrel distortion. Barrel distortion (or negative distortion) results when m 
decreases with distance from the axis. 

The lens-maker's formula (2.20) depends on the index of refraction n, 
and n in turn depends on wavelength. The image distance therefore depends 
on wavelength. The distance between an image point at the Fraunhofer F 
wavelength and an image point at the C wavelength is called longitudinal 
chromatic aberration and is one way to quantify the chromatic aberration 
of a lens. Alternatively, lateral chromatic aberration may be defined as the 
radius of the image in the plane of best focus. If the longitudinal chromatic 
aberration is known, the lateral chromatic aberration may be calculated sim- 
ilarly to the calculation of depth of focus; see Fig. 3.8. The longitudinal chro- 
matic aberration of a thin lens depends only on the focal length and the 
indexes of refraction and not on the diameter of the lens. Lateral chromatic 
aberration, however, is proportional to the longitudinal chromatic aberration 
and inversely proportional to the F-number of the lens (see Sect. 3.2.2 and 
Example 2.3); it therefore varies in proportion to the lens diameter. 

Aberrations may be reduced by adjusting the radii of curvature of lens 
elements so that, for example, angles of incidence are minimized; this process 
is sometimes called bending the lens. Astigmatism, however, is only weakly 
influenced by bending the elements. Similarly, one aberration can sometimes 
be balanced against another. In Fig. 2.20, for example, spherical aberration 
can be partially compensated by moving the image plane from the paraxial 
image plane to the waist, that is, by compensating spherical aberration by 
defocusing. The aberration at the waist is one-fourth that in the paraxial 
image plane. Similarly, coma, distortion, and astigmatism can be reduced by 
adjusting the axial position of the aperture stop (Sect. 3.7.1). 

Unfortunately, it is not possible to compensate aberrations over a wide 
range of conjugate distances and angles, so it is important to use a given 
lens only for its intended purpose. A telescope objective that consists of two 
elements (usually cemented together) will give somewhat better performance 
than a simple lens, especially in white light. The main advantage of using 
such a lens is that it is partially corrected for chromatic aberration, which 
results from the variation of the index of refraction with wavelength. Many 
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telescope objectives are nearly plane on one side; this is the side that should 
face the short conjugate. 

Relatively high-power microscope objectives are designed for use with a 
specific magnification. In addition, they may be designed for an object that 
is covered with a glass coverslip of specified thickness and index of refraction, 
usually 170 um thick and n — 1.522. If the magnification of a microscope 
objective is 40 x or more, it is important to use that objective with the 
specified magnification and with a coverslip if a coverslip is specified. 

Photographic objectives are usually designed to have one conjugate at 
infinity, the other near the focal point. A good photographic objective may 
project an adequate image over a 20? to 25? angular field. If it is necessary 
to use a photographic objective with the object near the focal point and the 
image a great distance away, care should be taken to ensure that the lens is 
oriented with the short conjugate on the side of the lens that normally faces 
the camera. With certain modern, high-aperture lenses, however, there may 
be problems getting a flat image plane in this configuration. 

Ordinary camera lenses are designed specifically for distant objects; they 
do not perform well at magnifications near 1. Close-up (macro) lenses, copying 
lenses, or enlarging lenses are preferable. Similarly, collimating lenses are 
designed specifically for rays parallel to the axis and should not be used to 
project a high-quality image over a wide field. 

Highly specialized lenses, such as those used in aerial photography, can 
project nearly perfect images over the entirety of a fairly large image plane. 

The average user of optics need not have any knowledge of aberration 
theory; nevertheless, he or she is well advised to bear in mind the purpose 
for which a given lens was originally intended. 


2.2.13 Spherical Aberration of a Thin Lens 


Some applications, such as collimating a beam or coupling the radiation from 
one optical fiber into another, involve only monochromatic light and imaging 
on the axis of the lens. In these cases, a thin lens often serves well; if its 
spherical aberration can be made small enough, the performance of the lens 
will be limited only by diffraction, or diffraction limited (Sect. 3.8, 5.5). The 
spherical aberration of a thin lens is therefore of special interest. 

Spherical aberration is the only third-order aberration that is not 0 when 
the image of a point is projected directly on the axis of the lens. The trans- 
verse spherical aberration T'A of a thin, planoconvex lens may be calculated 
from the formula 


B 


FA = qp ESSE 
64n(n — FD)" oe 
where 
n+2 3 
B= 11 + 4(n + po (3n + 2)(n - Dp? + (2.52) 
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B us m d (2.53) 


and D is the diameter of the lens. The quantity p is called the position factor 
of the lens, and q is called the shape factor. 

The transverse spherical aberration of a thin lens of given F-number is 
proportional to the image distance l’; thus, for example if you double both 
the focal length and the image distance of a lens while keeping its F-number 
constant, you also double the transverse spherical aberration. 

When an object is imaged by a thin, positive lens at magnification near 
m = -—] (unit magnification), the lens should be symmetrical and double- 
convex to minimize spherical aberration. For imaging with one conjugate 
near oc, the lens should be approximately planoconvex and oriented with the 
curved side facing the long conjugate. 

We may compare the spherical aberration of a thin lens to the diffraction 
limit by forming the ratio Y = TA/RL, which we may call the normalized 
spherical aberration. RL is the resolution limit of a diffraction-limited lens 
and is discussed in Sect. 3.8. To a good approximation, a lens is diffraction- 
limited as long as Y < 1.6. That is, the wavefront aberration is 4/4; a wave- 
front aberration of A/4 is a common criterion, due to Lord Rayleigh, for 
assessing whether a lens is diffraction-limited or not. 

Figure 2.21 plots the parameter Y as a function of the effective F-number 
of thin lenses that have a focal length of 1 cm; Y is plotted for planoconvex 
lenses with the object at oo and for symmetrical, double-convex lenses used at 
unit magnification. The value of Y for any other focal length may be found by 
multiplying the appropriate value on the graph by the focal length of the lens 
in centimeters. Given an effective F-number, you can always find a value of 
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f! that will yield diffraction-limited imagery on the axis of the lens, provided 
that f' is short enough. 


Problems 


2.1 Constant-Deviation System. 'Two plane mirrors are fixed at an angle 
a (< 180°) to one another. A ray is incident on one of the mirrors at angle a. 
We define the deviation angle ó as the acute angle between the incident and 
emergent rays. 

(a) Show that ó is independent of a. Two such mirrors are an example of 
a constant-deviation system, so called because the deviation is independent 
of a. 

(b) Show further that a glass reflecting prism may be used as a constant- 
deviation system only if the prism angle is 90? and then only in the paraxial 
approximation. 

(c) Under what conditions will an incident ray fail to emerge from a prism 
after the second bounce? 


2.2 Show that, in the paraxial approximation, a slab of glass moves an image 
away from a lens by the distance d(1 — 1/n), where d is the thickness of the 
slab and n its index of refraction. 


2.3 Show by geometrical construction, not by the “len” equation, that the 
object-image relationship for a curved mirror is given by (2.31). 


2.4 Thick Mirror. Show that the effective focal length f! of a lens and mirror 
in close contact is given by 


1/fe = (2/f') + (2/R), 


where f’ is the focal length of the lens and R is the radius of curvature of 
the mirror. 


2.5 Telephoto Lens. À telephoto lens consists of a positive lens, before whose 
focal point is located a negative lens. Sketch such a lens and show that its 
effective focal length is greater than the distance between the positive lens 
and the focal plane of the telephoto lens. What is the value of such a lens 
design? (The principle of the telephoto lens is used in astronomy to increase 
the focal length of a telescope objective lens. The negative lens is then called 
a Barlow lens.) 

A reverse-telephoto lens consists of a positive lens preceded by a negative 
lens. Sketch this lens and locate its secondary principal plane. What is the 
value of this design? (In photography, wide-angle lenses often use reverse- 
telephoto designs.) 


2.6 A thin lens projects an image of a tilted object plane. Show that the image 
will be in focus at all points, provided that the extensions of the object plane, 
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the principal plane of the lens, and the image plane meet along a line. (This 
arrangement does not guarantee rectilinearity of the image, however.) Hint: 
Consider a ray that propagates parallel to the tilted object plane. 


2.7 (a) A thin lens has focal length f’ in air. Its index of refraction is n. 
What is its focal length when it is immersed in a medium whose index of 
refraction is n’? 

(b) Can you in general determine the focal length of a thin lens that has 
air on one side and a high-index fluid on the other? 

(c) Trace the first, third, and fifth rays in Fig. 2.14 through a lens that 
has air on the left side a fluid with index n' on the right. Show that all three 
rays meet at one point. 


2.8 A beam of parallel rays is said to be collimated. We want to collimate 
a beam of light by locating a source at the primary focal point F of a lens 
that has a 50 mm focal length. To do so, we focus the source on the wall of 
the laboratory. Unfortunately, the wall is only 3m from the lens. By what 
distance will the lens have to be translated toward the source to achieve true 
collimation? 

This is a practical method for collimating a beam in cases where the 
requirements are only modest. 


2.9 A transparent sphere has a uniform index of refraction n. The image of 
a distant object lies on the far surface of the sphere. What is the index of 
refraction of the sphere? 


2.10 A perfect lens projects a cone of rays toward a point O that lies a 
distance l across an air-glass interface (Fig. 2.22). If the numerical aperture 
is high, a marginal ray crosses the axis at point O”, distance L’ > l’ from 
the interface rather than at the paraxial image point O'. The radius ô of the 
circle of confusion in the paraxial focal plane is called the transverse spherical 
aberration. Show that the transverse spherical aberration is given by ó — 
(ntan U — n' tan U')(l' /n'), where the quantities are defined by Fig. 2.22 and 
lowercase letters mean paraxial approximation. Suppose that A = 0.55 um, 
sinU = 0.65, l’ = 170m, n = 1,5 and n’ = 1.5. Show that ô & 16 um. 
Compare with the diffraction-limited resolution limit 0.61 A/NA (Sect. 3.8). 


Fig. 2.22. Spherical aberration caused 
by refraction of a converging beam 
across a planar interface 
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2.11 A concave mirror in a dye laser has a radius of curvature of 10cm. 
Assume that the mirror is flat on the nonreflecting surface and that it has 
an index refraction of 1.5. In this laser, the dye jet is located at the center 
of curvature of the mirror. The mirror is not highly reflective of light from 
an argon laser, so we decide to pump the dye by focusing the argon laser 
beam directly through the mirror. Assume that the mirror is flat on the non- 
reflecting surface. What focal-length lens will we need to project a collimated 
beam through the mirror so that it will focus at the center of curvature of 
the mirror? 


3. Optical Instruments 


In this part, we discuss optical instruments that rely, so to speak, on geo- 
metrical optics; they are primarily lens devices. Our purpose is not merely to 
describe the instruments, but to present enough material to permit intelligent 
use of them. 


3.1 The Eye (as an Optical Instrument) 


For our purposes, the optical system of the human eye (Fig. 3.1) is the spheri- 
cal, transparent cornea and behind it the lens or crystalline lens. The interior 
of the eye is a liquid with index of refraction 1.33, equal to that of water. 
The lens has a slightly higher index, 1.4; the eye focuses itself by varying the 
power of the lens with involuntary muscular contractions. 

The principal points of the eye are nearly coincident and are located about 
2mm behind the cornea and 22mm from the photosensitive image surface, 
the retina. In addition, the eye has a variable aperture, the iris, in front of 
the lens. The iris controls, also by involuntary muscular contractions, the 
intensity of the light falling on the retina. 

In physiological optics, we normally speak of the power of a lens, not its 
focal length. Power is defined as 


Retina 


22 mm — —— Fig. 3.1. Optical system of the hu- 
24 mm man eye 
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P=n'/f'=n/f ; 


the units of P are diopters (D), when f’ is measured in meters. Power is 
useful because the powers of thin lenses in contact (or nearly in contact) add 
algebraically [see (2.26) and (2.27)]. 

The power of the cornea of a normal eye is about 43 D; that of the lens, 
17 D. The total power of the eye is thus 60D. The eye focuses on nearby 
objects by changing the power of the crystalline lens with a muscular con- 
traction. This is known as accommodation. Even the normal eye loses its 
ability to accommodate as it ages, and people over 40 or so often require cor- 
rective lenses for reading. The phenomenon is a gradual one, but is generally 
not noticed until suddenly *my arms got too short!" 

The nearest the eye can focus comfortably depends on its maximum ac- 
commodation. We call this distance the shortest distance of distinct vision, 
or the near point d,. It is customary to define the near point as 25 cm (or 
I0 in), which corresponds to a standard 40-year-old eye; in reality, the near 
point may be much less — a few centimeters for a small child. 

Besides losing its ability to accommodate, a condition known as presby- 
opia, the eye may have an optical system whose power is abnormal in relation 
to the size of the eyeball. If the power of the eye is too great or the eyeball 
too large, the eye cannot focus on distant objects; the condition is called 
myopta or near-sightedness. Conversely, if the optical system of the eye is 
not sufficiently strong, the eye is said to have hyperopia or far-sightedness. 
Presbyopia is sometimes confused with far-sightedness, but far-sighted people 
cannot focus accurately at oo, whereas presbyopes, or people who suffer from 
presbyopia, have a relatively distant near point, even when their eyes focus 
correctly at a great distance. 

A myopic eye is corrected with a negative lens; a hyperopic eye, with a 
positive lens. A presbyopic eye is also corrected with a positive lens, but this 
lens is intended for close vision; many presbyopes need correction only for 
reading and close work. 

Someone who is both myopic and presbyopic may wear bifocals or even 
trifocals. These are lenses that are divided into two (or three) regions of 
different power; usually, the upper part of the lens corrects the eye for distance 
vision, whereas the lower part is slightly less negative and corrects for near 
vision. Likewise, someone who is both hyperopic and presbyopic may wear 
bifocals or trifocals. 

Finally, an astigmatic eye is one whose refracting surfaces are slightly 
ellipsoidal, rather than spherical; astigmatism is corrected with a combination 
of cylindrical and spherical lenses. 


Example 3.1. Show that the lens equation for the eye may be written 
l/l = -(P. + Pa), (3.1) 


where Pa is the power of accommodation, or the amount by which the lens of the 
eye has increased its power, and P. is the refractive error, or the amount by which 
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the eye is too strong or weak. (If a person is nearsighted by +4 D, then that is the 
value of Pe.) 


Contractions of the iris help the eye adapt to different light levels. An 
opening such as the iris, that limits the amount of light entering a system, 
is known as an aperture stop: the iris is the aperture stop of the eye. The 
diameter of the iris varies from perhaps 2mm in bright light to 8mm in 
darkness. For many purposes, its diameter may be taken as 5mm. 

The retina consists of small, light-sensitive detectors called rods and cones. 
The cones are responsible for color vision and operate at high intensity. The 
rods take over at low intensity and cannot distinguish among colors. (This is 
one reason that things look uniformly colorless in dim light.) The eye switches 
from rod vision to cone vision by a mechanism called neural inhibition, which 
in effect switches off the rod vision; in this way, the eye achieves a dynamic 
range of 1 million to 1. 

The region of greatest visual acuity is called the macula lutea, or macula. 
It is located just off the optical axis of the optical system. Near the center of 
the macula is a region called the fovea centralis or fovea. The fovea contains 
no rods, but rather a high density of cones, and offers the very highest visual 
acuity. When the eye firates on a certain spot, it is focusing that spot onto 
the fovea. Visual acuity decreases rapidly with distance from the fovea, as 
you can easily demonstrate by fixating on the center of one line on this page 
and trying to read the whole line. The diameter of the macula is about 2 mm, 
and the diameter of the fovea is about 300 um. 

The rods, on the whole, are located outside the fovea, where the number 
of cones is small. There are few rods in the fovea itself; it is therefore difficult 
to see clearly at night. 

The cones are closely packed in the fovea; each cone subtends slightly 
less than 0.15 mrad (0.5') at the principal points. The eye can distinguish 
two points only if their images are separated by one cone; otherwise, the two 
points will appear as only one. Therefore, the eye can at best distinguish 
points that subtend about 0.3 mrad (1') at the principal points. For an ob- 
ject located at a distance d,, this corresponds to a resolution limit of about 
0.1 mm. Visual acuity falls off rapidly outside the fovea. 

The resolution limit estimated in this way is remarkably close to the 
theoretical resolution limit calculated by diffraction theory for a 2mm pupil; 
this is about the diameter of the pupil in bright sunlight. If the cones were 
packed much less closely. resolution would suffer. On the other hand, if the 
cones were much more closely packed, diffraction would cause the light from 
a single object point to fall on several cones, rather than one. The result 
would be a dim image, because relatively little light would fall on a given 
cone. Evolution has thus been very efficient at packing cones into the fovea 
at nearly the optimum density. When the pupil of the eye is larger than 
2mm, the resolution limit becomes larger owing to aberrations; the angular 
resolution limit of a 6-mm pupil is about 0.8 mrad (3’). 
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Fig. 3.2. Relative sensitivity of the 
human eye. P, photopic or bright- 
adapted. S, scotopic or dark-adapted 


The visible portion of the spectrum is usually said to include wavelengths 
between 400 and 700nm, although the eye is slightly responsive outside this 
region. Cone vision, known as photopic or bright-adapted vision, is most sen- 
sitive to green light whose wavelength is about 550nm. Relative emission 
from the sun is also greatest at about this wavelength. Figure 3.2 shows how 
the cones’ relative sensitivity V, decreases gradually and approaches 0 at the 
ends of the visible spectrum. 

At twilight, there is little direct sunlight, and we see only because of light 
scattered by the atmosphere. Such light is bluish, and the rods are accordingly 
more blue sensitive than the cones. This is called scotopic or dark-adapted 
vision; the wavelength dependence of scotopic vision is shown also in Fig. 3.2. 
Both curves are normalized to 1; in fact, the rods operate only at far lower 
intensity than the cones. 


3.2 Basic Camera 


Like the eye, the camera consists of a lens, an aperture stop, and a light- 
sensitive screen, in this case, film. The camera shown in Fig. 3.3 uses a land- 
scape lens located behind the aperture stop. Modern cameras nearly always 
have much more complex lenses with the aperture stop located between two 
elements. The aperture stop itself is an iris diaphragm whose diameter may 
be varied to control the exposure of the film. 

A camera photographing an extended scene will not record everything 
before it. The film occupies a fixed area; objects that are imaged outside that 
area are not recorded. This area is defined by a rectangular opening that 
serves in part to hold the film in place and to keep it flat. Because such an 
opening limits the field of view to those objects that fall within a certain 
angle (as seen from the aperture stop), it is known as a field stop. 
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Fig. 3.3. Optical system of 


Aperture stop 
basic camera 


Field stop 


3.2.1 Photographic Emulsion 


The film is made up of a thin, light-sensitive emulsion on a rigid base, or 
support, of glass or some more flexible material (Fig. 3.4). The film usually 
has an antihalation dye behind it, to reduce the blurring effects of scattered 
light. The dye is bleached or washed off when the film is processed. 

.. The term “emulsion” is actually a misnomer, because the emulsion is 
a suspension of small silver-halide grains in gelatin. The grains are light- 
sensitive in that they are rendered developable by exposure to light. Grains 
that are exposed become developable, whereas grains that are not exposed 
remain relatively undevelopable. An image formed in the emulsion, but not 
yet developed, is known as a latent image. It cannot be detected except by 
developing the film. 

Development takes place when the grains are immersed in developer, a 
chemical solution that reduces the silver-halide grains to metallic silver. Ex- 
posed grains are reduced much more quickly than unexposed grains, and de- 
velopment is stopped long before many of the unexposed grains are reduced. 
The latent image is thus turned into a visible, silver image. The image is 
grainy, because in general a grain is reduced entirely to silver or it is not 
reduced at all, and except in the most strongly exposed areas there are gaps 
between neighboring developed grains. 


Emulsion Support Dye Fig. 3.4. Cross section of typical film or plate 
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Fig. 3.5. Relative spectral sensitiv- 
ities of typical photographic emul- 
sions. Top, raw silver halide. Center, 
orthochromatic. Bottom, panchro- 
matic 


Relative Sensitivity 


À (nm) 


To make the image permanent, the undeveloped grains are chemically 
dissolved away. The film is then no longer light-sensitive. The process is 
known as firing, and the chemical bath, firer or hypo. 

The image is thus made up of metallic silver and is nearly opaque where 
the exposure was greatest and transparent where the exposure was least. 
Most modern films record continuous-tone objects as continuous shades of 
gray. The image, however, is a negative, because bright parts of the object 
are recorded as black and dim parts as white. We most often obtain a positive 
by printing or enlarging, which is basically photographing the negative with 
an emulsion on a paper backing. (Color slides are made by a direct positive 
process which removes the developed silver and, before fixing, renders the 
remaining unexposed grains developable by exposure to light or by chemical 
means.) 

Untreated silver-halide grains themselves are sensitive only to the blue and 
ultraviolet parts of the spectrum as shown in Fig. 3.5. Film can be made to 
respond to the entire visible and near-infrared spectra by coating the grains 
with sensitizing dyes. Orthochromatic films are made green-sensitive; they 
can be examined during processing with special red lights called safe lights. 
Such films are often used in copy work, where response to different colors 
is unimportant and sometimes undesirable. Most films designed for pictorial 
use are panchromatic and respond to the entire visible spectrum. Other films 
can be made infrared-sensitive, though they retain their sensitivity to short 
wavelengths as well. 


3.2.2 Sensitometry 


The response of film to exposure by light is usually expressed in logarithmic 
units. This is convenient for several reasons. First, the mass of silver per unit 
area in the developed image is related to the logarithm of the transmittance 
of the film. Second, a characteristic curve plotted in logarithmic units has a 
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long linear portion. Finally, the response of the human eye is approximately 
logarithmic in bright light. 

To plot the characteristic curve of the film, we define two quantities. 
optical density D and exposure 4 . Exposure is the quantity of light that falls 
on a certain area of film. Photographers generally write exposure as 


E — Et , (3.2) 


the product of irradiance or illuminance E (sometimes called intensity in the 
past) and exposure time t. This definition is based on the reciprocity law, 
which states that, over a wide range of irradiance and exposure time, a given 
exposure produces a given response. Extremely long or short exposure times 
produce lower response than the reciprocity law suggests. This is known as 
reciprocity failure. 

The response of the film is determined by measuring the optical density 
of the developed product. If the developed film transmits a fraction T of the 
light falling on it, then its transmittance is T' and its density is defined by the 
equation 


D = -lgT. (3.3) 


The minus sign serves only to make D a positive number, consistent with 
the idea that the darker the film, the more dense it is. Density is often defined 
in the equivalent form D = log(1/T), where 1/T' is sometimes called opacity. 

The characteristic curve of the film is obtained by plotting a D vs log 
& curve (also known as an H and D curve, after its originators) as shown 
in Fig. 3.6. At very low exposures, the film is nearly transparent (D ~ 0). 
(There are some developed, unexposed grains that contribute to fog density 
and, in addition, light lost in the base material gives rise to a small base 
density.) Above a certain exposure, density begins to increase with increasing 
exposure. This region is the toe of the curve. Higher exposures render more of 
the available grains developable, and the curve goes through a linear region 
whose slope is known as gamma (^). The response saturates at the shoulder 
when all of the available grains are developed. 


Shoulder 


Linear Region 


Fig. 3.6. D vs log@ curves. 
Solid curve, low-contrast picto- 
2 rial film. Dashed curve, higher- 
log & contrast copying film 
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; Fig. 3.7. Contrast index as a 
function of development time for 
a low-contrast pictorial film 


Contrast index 
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Most general-purpose photography is done on the toe and the lower linear 
portion of the characteristic curve. The average slope or contrast indez is 
somewhat less than gamma; either may be used as a measure of the relative 
contrast of the photograph. Higher contrast indexes correspond to higher 
recorded contrast. For a given film and developer, contrast may be increased 
somewhat by increasing development time; curves of contrast index vs time 
(Fig. 3.7) are often available as guides. 

In pictorial photography, the contrast index of the negative is usually 
slightly less than 1: the negative is printed so that the recorded contrast is 
roughly equal to 1, thereby faithfully reproducing the contrast of the original 
scene. Line-copy films and other special purpose films may have much higher 
contrast; gamma may be limited to much less than 1 for particularly wide- 
latitude exposures. 

Most cameras have iris diaphragms that are calibrated in stops. Changing 
from one stop to the next changes the exposure by a factor of 2. Similarly, 
available exposure times (in fractions of a second) may be 1 /250, 1/125, 1/60, 
.««, 80 that each exposure time differs by a factor of 2 from the next. 

To calibrate the lens aperture, we define the relative aperture or F-number 
$ (sometimes called focal ratio) by the relation 

o=f'/D, (3.4) 
where D is the diameter of the aperture stop. If two lenses have the same F- 
number but different focal lengths and both image the same distant, extended 
object, then they both produce the same irradiance on the film plane. We 
discuss this fact in Sect. 4.17, but can easily see that, whereas the larger lens 
collects more light, it also has the greater focal length and therefore spreads 
the light over a proportionately larger area of film. 

Suppose that the aperture of a certain lens is set at a given value of $. To 
double the exposure we would have to increase the area of the aperture by 
a factor of 2. This is equivalent to decreasing ¢ by V2 or approximately 1.4. 
Therefore iris diaphragms are calibrated in multiples of 1.4, called F-stops, 
such as 2.8, 4, 5.6, 8, 11, . . ., where the lower F-number refers to the greater 
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exposure. Changing from one F-stop to the next changes the exposure by 2. 
F-stops are written F/2.8, F/4, etc.; a lens whose greatest relative aperture 
is 2.8 is called an F/2.8 lens. 


3.2.3 Resolving Power 


In a great many photographic applications, resolution is limited by the gran- 
ularity of the emulsion. For example, suppose the average spacing between 
grains in a certain film is 5 um. Then, as with the eye, two points will be 
distinguishable if their images are separated by about twice the grain spac- 
ing. The resolution limit RL is thus about 10 um. Photographic scientists 
more often speak of resolving power RP, the number of resolvable lines per 
millimeter, which is approximately 


RP =1/RL. (3.5) 


The resolving power in the example is about 100 lines/mm; most common 
films can resolve 50 to 100 lines/mm. Copy films are capable of two or three 
times this resolution, and certain glass plates used in spectroscopy or hologra- 
phy may resolve up to two or three thousand lines per millimeter. Processing 
can affect resolution only slightly. 

Digital cameras, or filmless cameras, use an array of detectors instead of 
photographic film. Each detector is called a picture element, or pirel, and 
each pixel is a few micrometers across. 

It is customary to describe digital cameras by the number of pixels along 
each axis, rather than by resolving power. An inexpensive digital camera may 
use an array that has 640 pixels horizontally and 480 vertically; such au array 
is specified as a 640 x 480 array. More sophisticated cameras may have 2 or 
3 times more pixels along each axis: 1280 x 960 or 1712 x 1368, for example. 

Digital cameras use magnetic storage devices similar to magnetic disks. 
Increasing the horizontal and vertical pixel numbers by a factor of 2, for 
example, increases the total number of pixels by a factor of 4, so higher 
resolution requires increasingly dense storage media. A high-quality digital 
camera nevertheless can store several images that approach the resolution of 
a typical 35-mm camera equipped with color film. 

The pictures exposed by a digital camera may be printed with a home 
computer equipped with a color printer. They may be enhanced in certain 
ways using specialized computer programs designed for picture processing. 
For further information related to digital photography, see Sect. 7.4.1 and 
7.4.4. 


3.2.4 Depth of Field 


If à camera is focused sharply on a relatively distant object, the converging 
rays from a slightly nearer point are intercepted by the film before they reach 
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Fig. 3.8. Depth of focus 


a sharp focus, as in Fig. 3.8. The image on the film is a small disk called the 
circle of confusion. As long as the diameter of the circle of confusion is smaller 
than the resolution limit of the film, the nearer point is in acceptable focus. 
Blur will be evident only when the circle of confusion exceeds the resolution 
limit. The greatest acceptable defocusing ó thus occurs when the diameter 
of the circle of confusion is approximately equal to the resolution limit. We 
may calculate 6 by noting the similarity of the large and small triangles in 
Fig. 3.8: 


D RL 
Fro 5 mn 
Assuming ô < l’, we find 
6=¢(1—m)/RP, (3.7) 


where m is negative for a real, inverted image. ó(1— m) is often called the ef- 
fective F-number and differs appreciably from ¢ only in close-up photography. 
Because a more distant object would be focused in front of the film plane, 
the total depth of focus is equal to 26. Depth of field refers to the range of 
object distances that are imaged within a distance +6 of the film plane. 

Depth of field could be calculated by direct application of the lens equa- 
tion, but it is more easily deduced in the two important cases. When the 
camera is focused beyond a certain distance, called the hyperfocal distance 
H, depth of field extends to infinity. It is left as a problem to calculate the hy- 
perfocal distance and show that depth of field extends from H/2 to oo when 
the camera is focused at H. The result shows that, for given F-number, H is 
shortest with a short-focal-length lens. 

The second important case occurs when the object is close compared with 
H. We may then apply the idea of longitudinal magnification and find that 
depth of field is approximately 26/m?. 


Example 3.2. Show that the dependence of H on F-number is given by 
H = -f"^RP/6. (3.8) 


Explain why short-focal-length lenses display greater depth of field than those with 
longer focal length. 

Show further that the nearest point that is in sharp focus is approximately H /2 
distant from the lens. 
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3.3 Projection Systems 


It is useful to discuss projection systems (such as the slide projector) before 
bringing up instruments such as the microscope or telescope. Projection sys- 
tems can be used to exemplify nearly all complicated imaging systems and 
to describe in very concrete terms an important concept known as filling the 
aperture. Figure 3.9 illustrates a slide projector. The object, a transparency, 
is back-lighted by a bright projection lamp L, and a greatly magnified im- 
age is projected on the screen S. Many of the rays that pass through the 
transparency wil! not ordinarily be intercepted by the entrance pupil of the 
projection lens PL. Because the projected image is large. it will be dim. 

To increase the efficiency of the optical system, the slide projector nor- 
mally uses a condensing lens or condenser C placed just ahead of the trans- 
parency. The condensing lens redirects many of the widely divergent rays 
toward the projection lens. Obviously, it works most efficiently when all of 
the rays intercepted by the condensing lens are focused through the projec- 
tion lens. That is, the condensing lens should project an image of the lamp 
filament into the entrance pupil of the projection lens (Sect. 3.7). 

The image of the filament should be about the same size as the entrance 
pupil. If the filament image is too large, then light is lost by vignetting. On 
the other hand, if the image is too small, much of the projection lens is wasted 
because no light passes through it. The image of the filament then becomes 
the effective aperture stop, and resolution or picture clarity may suffer. 

Because of the necessity of filling the aperture of the projection lens, 
projection lamps have several filaments, close together and parallel to one 
another. The lamp approximates a small, diffuse source. Often, either the 
projector or the lamp itself employs a concave mirror M to intercept rays 
traveling backward, away from the condensing lens. The mirror reflects an 
image of the filament back into the vicinity of the filament, so that these 
rays, too, will be directed by the condensing lens into the entrance pupil. 

The condensing lens has no function other than to fill the aperture of the 
projection lens. It therefore need not be of high quality; condensing lenses 
are often single-element lenses made of plastic or flame-polished glass. A 
condensing lens should be a relatively high-aperture lens, however; many 
condensing lenses have one aspheric surface to reduce spherical aberration 
and more effectively fill the entrance pupil. 

A condenser enlarger is another system that works on the principle of the 
slide projector. In fact, an enlarger is no more than a special-purpose pro- 


Fig. 3.9. Projection 
M CL PL system 
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jection system. The overhead projector also operates on the same principle. 
The condenser is a large, flat, molded-plastic Fresnel lens located just below 
the writing surface. (A Fresnel lens is a series of molded, concentric-circular 
prisms designed to focus light exactly as a lens does, but with less thick- 
ness and therefore less mass.) The two-element projection lens incorporates 
a mirror to redirect the optical axis horizontally. 

Most motion-picture projectors differ from slide projectors in that they 
project an image of the source into the plane of the film. This is possible 
primarily because the film is moving and will therefore not be burned by the 
hot image of the lamp filament. The condensing lens is used to increase the 
efficiency of the optical system; such a projection system is roughly equivalent 
to the slide projector. It is rarely used outside of motion-picture projectors, 
however; the slide projector remains the best example of a complicated pro- 
jection system. 


3.4 Magnifiying Glass 


This instrument, sometimes called a simple microscope or a hand lens, is 
familiar and needs no introduction. Imagine that we want to examine a small 
object closely. Its height is h, and we would normally scrutinize it at the near 
point dy, where it subtends an angle h/d, at the eye. 

To magnify the object, we use a magnifying glass. Ideally, the object is 
located at the primary focal point F and projected to —oo. The virtual image 
subtends w = h/f’ at the eye, as shown in Fig. 3.10. If w exceeds h/d,, the 
image on the retina is proportionately larger with the lens than without. We 
therefore define the magnifying power 


MP= angle subtended by virtual image 


~ angle subtended by object located at dy ` m 


(Do not confuse M P, which is dimensionless, with power in diopters.) Mag- 
nifying power is often used in place of magnification in systems where the 
image or object is likely to be located at oo. In such cases, the magnification 


Fig. 3.10. Magnifying glass 
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may be 0, but the magnifying power may not. In the case of the magnifying 
glass, we find immediately that 


MP =d,/f'. (3.10a) 
Because it is conventional to take d, as 25 cm, 
MP= 25/ fim) (3.10b) 


Simple lenses will serve well as magnifying glasses with magnifying powers 
possibly as great as 5. Eyepieces or special flat-field comparators conveniently 
provide magnifying powers of 10 or more. 

The magnifying power of any magnifying glass (or eyepiece) can be in- 
creased by +1 (for example, from 5 to 6) by adjusting the position of the lens 
so that the image appears at the distance d, from the eye. This is tiring, and 
little is gained. It is preferable to learn to use optical devices with the eye 
unaccommodated, that is with the muscles that control the lens completely 
relaxed and the lens focused a few meters away (not necessarily at oo as was 
once believed). 


Example 3.9. An observer may well accommodate his or her eye for dy, rather 
than oo, when he uses a magnifying glass. Show that the magnifying power is 


MP =1+(d,/f') , (3.11) 


if the eye is assumed to be in contact with the magnifying glass. What if the eye is 
assumed to be located at F'? Explain why MP depends on the position of the eye 
with respect to the lens. 


3.5 Microscope 


The microscope, or compound microscope, is best regarded as a two-stage in- 
strument. The first lens, the objective, forms a magnified image of the object. 
Then, in effect, we examine that image with a good-quality magnifying glass 
called the eyepiece. The eyepiece projects the image to infinity. 

Figure 3.11 shows a compound microscope. The distance F\F. between 
the secondary focal point of the objective and the primary focal point of the 
eyepiece is known as the tube length g. The objective projects an image with 
magnification 


m = -g/ fo , d 


expressed in terms of g. The angular subtense of the image seen through the 
eyepiece is h'/ f: or —hg/ f; fi; dividing this value by h/d,, we find that the 
total magnifying power of the microscope is 


MP = -(g/f.)MP. , (3.13) 
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Fig. 3.11. Compound micro- 
scope 


where M P, is the magnifying power of the eyepiece. The minus sign indicates 
merely that the object appears inverted. In microscopy this is generally of no 
consequence. 

Many microscopes use g — 160 mm. The magnification stated on the barrel 
of an objective therefore assumes a 160-mm tube length, and the objectives 
are designed to work best at this tube length. If the tube length differs from 
160 mm, the value is usually stated on the barrel of the objective. 

The tube length of oo is becoming increasingly common. When the tube 
length is oo, the image is projected to oo, not 160 mm. An auziliary lens is 
therefore used to bring the image to a focus near the eyepiece. The magni- 
fication of the objective is then equal to the ratio of the focal length of the 
auxiliary lens to that of the objective lens. The focal length of the auxiliary 
lens may be chosen to be approximately 160 mm, so that an objective with a 
given focal length will correspond to the same magnification in each system. 

If a microscope objective is used at a tube length that differs from the 
specified tube length, spherical aberration may result, especially for mag- 
nifications of 40x or more. In particular, it may be important to use an 
infinity-corrected objective with an infinite tube length and, conversely, not 
to use an objective that is corrected for the tube length of 160 or 210 mm 
with a tube length of oo. 

Some manufacturers also define mechanical tube length or its equivalent; 
this is usually the distance between the shoulder of the objective (the flat 
surface next to the threads) and the image, and is not standard. 

The most common objectives have magnifications of 10, 20, or 40 x when 
they are used with the standard tube length; see Table 3.1. Besides magnifi- 
cation, microscope objectives display on their barrel a second number called 
the numerical aperture N A. As we shall find in Sect. 3.8.3, the total magnify- 
ing power of the compound microscope should not greatly exceed the useful 
magnifying power 


MP, = 300 NA (3.14) 


when the instrument is used visually. A typical 40 x objective may have a 
numerical aperture of 0.65. In this case MP, is about 200, and the resolution 
limit of the instrument is less than 1 um. Higher useful magnifying power is 
available with higher-power objectives, in particular oil-immersion objectives 
(Sect. 3.8.3), which may have numerical apertures as high as 1.6. 
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Table 3.1. Common microscope objectives 


Magnification Numerical Useful  RL^ 
aperture MP 
4 0.15 45 2.2 
10 0.25 75 1.3 
20 0.50 150 0.7 
40 0.65 195 0.5 
60 0.80 240 0.4 
100(dry) 0.90 270 0.4 
100(oil) 1.25 375 0.3 


^ in micrometers and at 550 mm. 


Most objectives are designed to be used with cover slips of specified thick- 
ness, usually 0.16-0.18 mm, to avoid introducing spherical aberration. Certain 
metallurgical objectives, on the other hand, are intended for looking at opaque 
surfaces and therefore are designed to be used without a cover slip. 

A microscope objective that is designed for use with a cover slip could be 
called a biological objective to distinguish it from a metallurgical objective. If 
the cover slip is omitted, spherical aberration may be an important factor, 
particularly if the numerical aperture exceeds 0.5 or so. Sometimes, however, 
these objectives may be needed to examine a “dry” object, that is, one that 
is not immersed in a fluid and not in contact with a cover slip. In these cases, 
the cover slip may be mounted in air, just in front of the first element of 
the objective. Failure to include the cover slip will result in decreased image 
contrast and possibly errors when quantitative measurements, such as length, 
are important. 

A video microscope can be little more than a microscope objective fixed 
to a closed-circuit video (television) camera (Sect. 7.4.1). Viewing the output 
of the video camera on a monitor is easier and less tiring than looking into 
an eyepiece and can offer about equal image quality. In addition, sometimes 
the brightness or the contrast can be adjusted to reveal details that cannot 
be seen by the naked eye. Also, it is easy to use off-axis illumination to reveal 
otherwise faint phase images (Sect. 7.2), even in a conventional microscope. 

The real power of video microscopy, however, is the ability to direct the 
video signal to a digital computer or a frame digitizer, which can capture or 
digitize the image for nearly simultaneous (real-time) processing or store it 
for future analysis (Sect. 7.4). 


3.6 Scanning Confocal Microscope 


The scanning confocal microscope is not new but is receiving renewed promi- 
nence, especially in biology. Such a microscope is sketched in Fig. 3.12. A point 
source, perhaps a laser, is focused with a high-quality microscope objective 
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Fig. 3.12. Confocal microscope 


Lı (not a condensing lens) onto the plane of the sample. A second objective 
lens L2 re-images that source with the proper tube length onto a detector D. 
Because the two objectives focus on the same plane, we call the microscope 
confocal. In some implementations, a pinhole is located before the detector. 

To generate an image, the object itself may be translated, or scanned, 
across the image of the source. Where the object is transparent, for example, 
most of the light from the source is focused onto the detector. Where the 
object is opaque, the detector receives little light. The output of the detector 
as a function of time represents one line in the image. The object is then 
moved up or down (out of the plane of the page), and another line may be 
observed. A sequence of parallel, linear scans is called a raster, so we may say 
that the object is scanned in a raster pattern across the common focal plane 
of the two objectives. For some measurements, such as the width of a line 
or strip on an integrated circuit, the object need not be scanned in a raster 
because a scan of a single line gives enough information. 

Unless the object can be scanned very fast (and in two dimensions), the 
image cannot be observed visually. It is therefore often preferable to devise a 
way to scan the image of a point source over a stationary object. Physically 
moving the object, however, may be more accurate for quantitative length 
measurements, but it is usually necessary to use digital image processing 
(Sect. 7.3) to extract the information. 

One of the most important advantages of scanning confocal microscopy 
over conventional microscopy is that it can be used for optical sectioning. 
This is a way of saying that out-of-focus images are invisible, so the scanning 
confocal microscope allows plane-by-plane imaging of thick objects such as 
biological specimens. The dashed lines in Fig.3.12 show the paths of rays 
that originate at an out-of-focus object point. The source is approximately a 
point, and the object point is distant from the image of the source: therefore, 
it is not illuminated with high intensity, so its image is necessarily weak. In 
addition, if there is an aperture before the detector, the out-of-focus point is 
imaged well away from the plane of that aperture, so very little light passes 
to the detector. In consequence, object points that are located outside the 
depth of field of the objective are not just blurred but invisible. This is of 
immeasurable importance, say, for examining a small weak structure near 
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a brighter structure or for examining relatively sparse structures like cells, 
without obstruction by the blurred images of defocused objects. 


3.6.1 Nipkow Disk 


A commercial scanning confocal microscope may scan the source (rather than 
the object) with a perforated disk called a Nipkow disk. One such scheme is 
shown in Fig. 3.13. A uniform, diffuse source S is focused by a beam splitter 
BS and a condensing lens CL onto a spinning disk D, the Nipkow disk. The 
disk is perforated with holes arranged in arcs of a spiral, as shown in the inset. 
Images of the holes are projected into the object plane by the microscope 
objective lens MO; their motion across the object plane forms the desired 
raster. 

The objective lens directs light scattered or reflected by points on the 
object back through the holes in the Nipkow disk. From there, the light 
progresses through an eyepiece for direct viewing or to a video camera for 
viewing on a monitor or for image processing. In Fig. 3.13, an intermediate 
image is projected into the plane of the disk; the final image I in turn appears 
in the image plane of the relay lens (or eyepiece) RL. As long as the disk 
scans a complete image in less than about 1/60s, this image can be viewed 
comfortably with minimal flicker. 

The disk in Fig. 3.13 passes only a very small fraction of the light incident 
on it. The source therefore must be very intense. In addition, the disk must be 
well polished and inclined at a slight angle to the incident light to eliminate 
from the image the light scattered by the disk. For further discrimination 
against scattered light, a polarizer P is placed after the source. The polarized 
light from the source passes twice through a quarter-wave plate Q (Sect. 9.2.2) 
before returning to the Nipkow disk. The two passes through the quarter-wave 


Fig. 3.13. Realtime confocal 
microscope with Nipkow disk. 
[After G. S. Kino, Intermediate 
Optics in Nipkow Disk Micro- 
scopes, in Handbook of Biologi- 
cal Confocal Microscopy, ed. by 
J. B. Pawley (Plenum, New York 
1990)] 
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plate rotate the plane of polarization (Problem 9.4) by 90°, and the light is 
directed through a second polarizer, or analyzer, A, whose axis is rotated 90° 
to the first. Scattered light, however, retains the original polarization and 
is rejected by the second polarizer. Other schemes that use a Nipkow disk 
may instead use mirrors to direct the reflected light through a different set 
of holes from those used for illumination and in that way eliminate the light 
scattered by the disk. 

A scanning confocal microscope that uses a Nipkow disk is almost nec- 
essarily used in reflection. Often this is an advantage, as when an opaque 
object is to be examined; at other times it is irrelevant or outweighed by the 
ability of the instrument to render out-of-focus planes invisible. 

We defer further discussion of the scanning confocal microscope until 
Sect. 7.3.3. 


3.7 Telescope 


The essential difference between a telescope and a microscope is the location 
of the object. A telescope is used to view large objects a great distance away. 
As with the microscope, the telescope objective projects an image that is 
examined through the eyepiece. 

Suppose the object to be very distant, but large enough to subtend an 
angle a at the location of the telescope (Fig. 3.14). Viewed through the tele- 
scope, it subtends a’. As with the magnifying glass, we define the magnifying 
power of the telescope as 


MP —o'la. (3.15) 
Geometry shows that, numerically, a = A'/ f} and a’ = h'/ f?. Thus, 
MP = -f}/ f}, (3.16) 


where the minus sign is retained only because the image is inverted. If fiis 
made very much larger than f!, a distant object can be made to appear very 
much bigger through a telescope than with the unaided eye. 


Fig. 3.14. Simple tele- 
Scope 


3.7 Telescope 49 


3.7.1 Pupils and Stops 


It is convenient to use the telescope to illustrate the importance of pupils and 
stops in an optical system. As with the camera, the opening that limits the 
total amount of light collected by the telescope is called the aperture stop or 
limiting aperture. In a properly designed telescope, the ring that holds the 
objective in place serves as the aperture stop and roughly coincides with the 
objective itself. 

Now let us trace two bundles of rays through the telescope, as in Fig. 3.15. 
The ray pr that goes through the center of the aperture stop is known as the 
principal ray. The bundles that emerge from the eyepiece display a waist 
where the principal ray crosses the axis, slightly behind F}. The eyepiece 
projects an image of the aperture stop into the plane where the principal ray 
crosses the axis. This image is known as the erit pupil and lies in the plane of 
the waist. Careful examination of Fig. 3.15 reveals further that the exit pupil 
and the waist coincide exactly. All rays that enter the aperture stop and pass 
through the optical system also pass through the exit pupil. In the telescope, 
the aperture stop also serves as the entrance pupil. 


Fig. 3.15. Construc- 
tion of telescope exit 


pupil 


Formally, the exit pupil is defined as the image of the aperture stop seen 
through all the optics beyond the aperture stop. The entrance pupil is the 
image seen through the optics before the aperture stop. The entrance and 
exit pupils are also images of each other. 

For best viewing, the eye should be located at or near the exit pupil. 
Otherwise, a great many rays will not enter the pupil of the eye, a phe- 
nomenon known as vignetting. 

If we let e be the diameter of the entrance pupil and e', that of the exit 
pupil, we can easily show that 


eje = MP. (3.17) 


With a telescope, e is also the diameter of the aperture stop, so the diameter 
of the exit pupil is a fraction 1/M P of the diameter of the aperture stop. 
Ideally, the exit pupil should not only coincide with the pupil of the eye; 
it should also be about the same diameter as the pupil of the eye. If the exit 
pupil is too large, vignetting inevitably occurs; in fact, the eye becomes the 
limiting aperture. Many of the rays that enter the objective are not allowed 
to enter the eye. Much of the objective is wasted, as we can easily see by 
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projecting an image of the pupil of the eye into the plane of the objective. 
This image, and not the objective itself, is, in this case, the entrance pupil. 
Resolution and light-gathering ability of the telescope suffer when its exit 
pupil is too large. Nevertheless, some telescopes are designed with slightly 
larger exit pupils to give more freedom of eye movement. 

We will find in Sect. 3.8.2 that if the magnifying power is so great that 
the exit pupil becomes much smaller than the pupil of the eye, the useful 


magnifying power 


has been exceeded. D is the objective diameter in centimeters. For given D, 
the magnifying power should not greatly exceed MP. 

Earlier, we found that the pupil of the eye has a diameter of about 5mm 
under average viewing conditions. For this reason, most binoculars are de- 
signed to have 5-mm exit pupils (although night glasses may have exit pupils 
as large as 8 mm). Thus, for example, 7-power binoculars will generally have 
a 35-mm objective. Such binoculars are specified as 7 x 35; the first number 
refers to the power and the second to the objective diameter in millimeters. 
Other common binoculars are 8 x 40 and 10 x 50, while night glasses may 
be 6 x 50. Small, lightweight binoculars, such as 8 x 25, have smaller exit 
pupils and are most useful during the day. Eight-power binoculars are the 
most powerful that can be hand-held comfortably. 


3.7.2 Field Stop and Field Lens 


In addition to the aperture stop, most telescopes have a field stop in the 
primary focal plane of the eyepiece. As with the camera, the field stop limits 
the angular acceptance or field of view to a certain value. It is located in an 
image plane, where the rays in a bundle pass through a point, to prevent 
partial vignetting of some bundles. 

As Fig.3.14 suggests, if the field of view of the telescope is large, the 
eyepiece may have to have an unacceptably large diameter. Accordingly, a 
field lens is often located in or near the primary focal plane of the eyepiece. It 
has little effect on the image but redirects the divergent rays toward the axis. 
Specifically, once the eyepiece diameter is chosen, the field lens may redirect 
the principal ray to the edge of the eyepiece. The very edge of the field of 
view is therefore blurry, because approximately half the rays pass through 
the eyepiece and half are vignetted. 

Most telescope and microscope eyepieces include a built-in field lens. The 
second lens in such an eyepiece, which we have until now called the eyepiece, 
is called the eye lens. Using a field lens draws the exit pupil closer to the eye 
lens and reduces the eye relief, or the distance between the eye lens and the 
cornea, somewhat. 
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3.7.3 Terrestrial Telescopes 


The image seen in the telescope is inverted. In astronomy, this is unimportant, 
but for terrestrial telescopes an erect image is preferable. 

The simplest erecting telescope is the Galilean telescope, in which the 
eyepiece is a negative lens; the Galilean telescope automatically produces an 
erect image. They are rarely used today, except for low-power opera glasses. 
Prism binoculars or field glasses are erecting telescopes that use two reflecting 
prisms to rotate the image so it is upright. 

What is conventionally called a terrestrial telescope employs an erect- 
ing lens to project the image at unit magnification and thereby invert it 
(Fig.3.16). Either a telescope or a microscope may have many relay lenses 
like the erecting lens EL in Fig. 3.16. A microscope that has such relay lenses 
may be used to examine the inside of a long, hollow tube, such as the barrel 
of a cannon, and is called a boresight or a borescope. A telescope rarely has 
more than one relay lens, except when it is combined with a mirror or a prism 
to allow viewing an object that is not along the line of sight of the eyepiece; 
such an instrument is called a periscope. 


O ` EL 


Fig. 3.16. Terrestrial or erecting telescope 


Like the eyepiece in a simple telescope, the erecting lens could become 
large if the field of view is large and if the focal length of the objective O 
is long. To prevent this, we place a field lens FL in or near the first image 
plane. Like the field lens in the eyepiece EP, this lens redirects the divergent 
rays toward the axis, as also shown in Fig. 3.16. Unlike the field lens in the 
eyepiece, however, the field lens projects an image of the aperture stop into 
the plane of the erecting lens. (The field lens of the eyepiece does not project 
the image of the aperture stop into the plane of the eye lens because then 
the eye relief would be very small.) 

The field lens is in many ways analogous to the condensing lens of the slide 
projector. It intercepts rays that would otherwise miss the erecting lens and 
directs them toward the axis. To perform its function properly, it must project 
an image of the aperture stop into the plane of the erecting lens. Otherwise, 
vignetting will occur, as we noted in connection with the telescope eyepiece. 
In addition, the image of the aperture stop should roughly fill the erecting 
lens, just as the image of the filament roughly fills the projection lens of a 
slide projector. 


52 3. Optical Instruments 


Incidentally, there is an image of the aperture stop, or a pupil, every time 
the principal ray crosses the axis. A diaphragm is nearly always placed in 
the plane of a pupil. The diaphragm is equal in diameter to the pupil and 
reduces scattered light without vignetting. 

Finally, we must take similar care that the relay lens project an image of 
the field lens into the field stop associated with the eyepiece. The field lens and 
the field stop must be images of each other, as seen through the intervening 
optics. If they are not, then one or the other becomes the effective field Stop, 
just as the size of the eye's pupil had to be considered in determining the 
exit pupil of a simple telescope. 


3.8 Resolving Power of Optical Instruments 


Physical or wave optics shows that, because of diffraction, the image of a very 
small point is not itself a point (Sect. 5.5). Rather, it is a small spot known 
as the Airy disk. The size of the spot depends on the relative aperture of the 
optical system. Because the image is not a point, two object points will not 
be distinguishable if their geometrical images fall within one Airy-disk radius 
of one another. For optics with circular symmetry, the theoretical resolution 
limit RL' in the image plane is 


RL' -122A//D , (3.19) 


where l’ is the image distance, D the diameter of the aperture, and A the 
wavelength of the light. Optical systems capable of achieving this resolution 
are said to be diffraction limited. 

RL’ is the separation between two geometrical-image points when the 
two points are just resolved. The separation between the actual points in the 
object plane is RL = RL'/m, where m is the magnification of the system. 
Because two object points must be separated by at least RL if they are to 
be resolved, RL is called the resolution limit in the object plane. Because 
m = l'/l, we have 


RL = 1.22M/D (3.20) 


for the resolution limit in object space. Here the sign of l is not important 
and we take RL > 0. 


3.8.1 Camera 
The theoretical resolution limit of a camera is often more conveniently ex- 
pressed by 

RL’ = 1.22¢(1—m) , (3.21) 


where m is negative. For visible light, A is about 0.55 um, so RL’ is about 
equal to the effective F-number ó(1 — m) in micrometers. The reciprocal of 
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RL’ is known as the theoretical resolving power and is generally expressed in 
lines per millimeter. 

In practice, most cameras never attain their theoretical resolving power 
for apertures much higher than F/8 (ġ = 8). At this relative aperture, the 
theoretical resolving power is perhaps 120 lines/mm. Few common films can 
achieve this resolution; as a result the film is most often the dominant factor. 
That is, common photographic objectives are rarely diffraction limited at the 
higher apertures (low F-numbers). This is particularly so far off the lens axis 
and comes about because optical designers must make many compromises to 
design a relatively inexpensive lens with the wide field required for general 
photography. They can afford to do so, in part, because of the limitations of 
the available films. 

Lenses that are not diffraction limited are said to be aberration limited 
(Sect. 2.2.12). Typical photographic objectives are thus aberration limited at 
F-numbers lower than F/11 or so. As the aperture diameter is increased from 
F/11, they may show constant or slightly worsening resolution on the optical 
axis. Very high-aperture lenses (F/1.4) may be significantly poorer at their 
lowest F-numbers than in their middle range. In addition, brightness and 
resolution may suffer at the edges of an image produced by a high-aperture 
lens that is ^wide open". 


3.8.2 Telescope 


A telescope objective can theoretically resolve two points if their images are 
separated by 1.22A f; / D or more. This means that the angular separation of 
the two points must be greater than 


Amin = 1.22A/D , (3.22) 


as indicated in Fig.3.17. The eyepiece must have higher relative aperture 
(smaller F-number) than the objective if it is to resolve the two images well. 
The eye then sees an apparent angular separation 


al in = MP -1.22A/D , (3.23) 


where M P is the magnifying power of the telescope. 

Unlike camera objectives, telescope objectives relatively rarely have F- 
numbers exceeding F/11. Reflecting objectives or achromatic doublets may 
therefore be very nearly diffraction limited close to the optical axis. 


Fig. 3.17. Angular resolution limit of telescope 
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The angular resolution limit of the eye is about 0.3'mrad (1'). The eye 
will resolve two points only if a, has at least this value. When Qnin is just 


equal to 0.3 mrad, we speak of useful magnifying power, which is 
MP, = 5 Dem) (3.24) 


when À is taken as 0.55 pm. To take full advantage of the telescope, M P must 
be at least M P, and may be up to twice M P, for comfortable viewing. 

On the other hand, MP should not too greatly exceed M P,. When MP 
is just M Pu, the eye fully resolves the disk-like images in the objective focal 
plane. Making MP larger (by increasing eyepiece power, for example) will 
not allow greater resolution because the eye already resolves the image in the 
objective focal plane. It will, however, increase the size of the point images 
on the retina. The light gathered by the objective from one point is spread 
over several receptors, rather than one. As a result, edges will not appear 
sharp, and image contrast, especially of fine detail, will decrease severely. 

For this reason, magnifying power that greatly exceeds M P, is known as 
empty magnifying power and should be avoided. 


3.8.3 Microscope 


A good microscope objective is designed to be diffraction limited when it is 
used at the proper tube length g. The object resolution limit is thus 1.22 Al / D. 
If we generalize to the case in which the object space has refractive index n, 
we must use the fact that the wavelength in the medium is equal to A/n, 
where A is the wavelength in air or vacuum. The resolution limit is thus 
1.22 AL /nD. 

Microscopists usually rewrite this expression in terms of the numerical 
aperture, NA = nD/2l. D/2l is just the half-angle u subtended, in the parax- 
ial approximation, by the limiting aperture at the object. In terms of N A, 
the object resolution limit is 


RL = 0.61 A/NA. (3.25) 


(When the paraxial approximation is avoided, the sine condition shows NA 
to be 


NA=nsinu, (3.26) 


for a well-corrected objective.) 

With most objectives, n = 1, and sinu rarely exceeds 0.65 for a 40 x 
objective. Because A is about 0.55 um, resolution is limited to 0.5 um or 
so. Certain oil-immersion objectives are designed to accommodate a drop of 
high-refractive-index oil held by surface tension between the objective and 
the microscope cover slip. These objectives may have 60 or 100 power and 
numerical apertures as high as 1.6. They must be used with the proper oil 
and, to avoid introducing aberration, with cover slips of specified refractive 
index and thickness. 
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Fig. 3.18. Angular resolution limit of compound microscope 


The microscope, like the telescope, reaches useful magnifying power when 
the eye is just able to resolve all the detail that exists in the image plane of 
the objective. If two points are separated by the resolution limit RL, as in 
Fig. 3.18, then MP = MP, when of, is equal to the resolution limit of the 
eye. The ray that passes through F% in Fig. 3.18 shows that 


Amin = RL'/ f, (3.27) 
and the ray that passes through F’ shows that 
RL'/g = RL/f, . (3.28) 
But RL = 0.61 A/NA, so al, may be written, after some manipulation, as 
0.614 MP 
/ — 0 — | 
Onin = WA m> (3.29) 


where d, is the shortest distance of distinct vision. Setting o/,,, = 0.3 mrad 
and A = 0.55 um, we find that 


MP, =300NA. (3.30) 


As with the telescope, MP should not exceed MP, by more than a factor of 
2. 

To calculate the depth of field of a microscope or any diffraction-limited 
system, see Problems 3.13 and 5.12. 


3.8.4 Condensers 


Usually, microscopes are employed with ordinary, white-light sources; an op- 
tical system is generally used to project the light from the source into the 
system. Critical illumination refers to imaging a diffuse source onto the plane 
of the specimen. The source must be uniform so that its structure does not 
appear in the image seen through the microscope; usually tungsten lamps 
with flat, ribbon filaments are used for the purpose. 

Kohler illumination is shown in Fig. 3.19. Here, the condensing system 
consists of two lenses, a condensing lens CL and an auxiliary lens AL. As 
with the projector, these lenses need not have especially high optical quality. 
The auxiliary lens projects an image of the filament into the aperture stop 
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AS, which is located in the primary focal plane of the condensing lens. The 
condensing lens in turn projects an image of the filament to oo. Alternatively, 
we could say that each point on the filament gives rise to a parallel bundle 
of rays inclined at an angle to the axis of the system, as shown by the solid 
rays in Fig. 3.19. Points far from the axis give rise to steeply inclined bundles, 
whereas points near the axis give rise to bundles inclined only slightly to the 
axis. The array of bundles has a waist near the secondary focal point of the 
condensing lens. The object is located near this waist. 

A field stop FS, usually an iris diaphragm, is located near the auxiliary 
lens. The axial position of the condensing lens is adjusted until it projects an 
image of the field stop into the plane of the object, as shown by the dashed 
rays in Fig. 3.19. This adjustment is effected by closing the field stop almost 
completely and adjusting the microscope until it is focused on the object 
and the field stop simultaneously. The field stop may then be opened until it 
disappears from the field of view. 

The aperture stop determines the number of parallel bundles that fall 
onto the plane of the object. That is, it determines the total illumination of 
the system. Closing the aperture stop, however, does not affect the field of 
view, because the field of view is determined by the image of the field stop. 
Similarly, changing the field of view does not affect the net illumination of any 
point in the object (as long as that point remains within the field of view). 
Kohler and critical illumination are unique in that the field of view and the 
illumination may be controlled independently of each other. Kohler illumi- 
nation is the more common in commercial microscopes because the source 
need not provide uniform illumination; indeed, many microscope illuminators 
use a lamp that has a tightly coiled filament, which would be unsuitable for 
critical illumination. 

We may define the numerical aperture of the condenser analogously to the 
numerical aperture of the objective lens: it is the sine of the angle between 
the axis and the most steeply inclined rays that emerge from the condenser. 
Many microscopists set the numerical aperture of the condenser so that it is 
about equal to that of the objective; this is sometimes called full illumination 
and assures good illumination and reduces scattered light. Similarly, they set 
the field stop as small as possible to reduce scattered light. 


Fig. 3.19. Kohler illumination 
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We shall see in Sect.5.6 that the numerical aperture of the condenser 
influences the coherence of the illumination. Coherence affects both the ap- 
pearance of an image and the resolution limit. For example, the theory of 
partial coherence shows that resolution is best when the numerical aperture 
of the condenser is about 1.5 times that of the objective. Then, the resolu- 
tion limit is given by (3.25). Achieving that condition, however, is not always 
possible, since the numerical aperture of the objective may well approach or 
exceed 1. 

Looking ahead to Fig. 7.20, we see that the image of an edge in highly 
coherent light displays an overshoot, or edge ringing, on the bright side of the 
edge, whereas in incoherent light, the image displays no such ringing. Thus, 
as the aperture stop of the condensing lens is opened (and the light becomes 
less and less coherent), the edge ringing gradually lessens. Indeed, the edge 
ringing largely disappears when the condenser reaches full illumination, and 
this is another reason for using full illumination in general microscopy. 

When a laser is used as the source, the illumination system is not es- 
pecially important because the light is highly coherent and the coherence 
cannot be adjusted. The resolution limit increases by about 30%, and the 
image is often accompanied by unsightly artifacts that result from interfer- 
ence (Sect. 5.7). 
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The resolution of a microscope or a scanning confocal microscope is limited 
by diffraction. This is so because these instruments project an image of each 
point in the object, and the images of those points suffer from diffraction. 
The resolution limit is determined by the radius of the Airy disk. 

Much research has been devoted to constructing an image whose reso- 
lution limit is less than the Rayleigh limit, but usually with only modest 
success. For example, the scanning confocal microscope displays a resolu- 
tion limit about 3076 less than the Rayleigh limit (Sect. 7.3.3). Computer 
enhancement of diffraction-limited images (Sect. 7.3.4) has likewise had only 
modest success. 

The near-field scanning optical microscope, or NSOM, is a probe micro- 
scope that gathers an image point by point without using a lens to project 
that image. Specifically, a probe whose diameter is much less than one wave- 
length is maintained at a fixed distance from the object and used to record, 
for example, the reflectance of the object. As long as the probe is very small 
and very close to the object, the resolution limit of the system is approxi- 
mately equal to the diameter of the probe. 

An NSOM probe may be manufactured by heating and stretching an 
optical fiber or a micropipette until it breaks, or by preferentially etching an 
optical fiber to a sharp point. In either case, the point is coated by vacuum 
evaporation with a metal such as aluminum or silver. If the metal vapor is 
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Fig. 3.20. Schematic of a near-field scanning optical microscope. C is the center 
of the hemispherical mirror 


allowed to impinge on the probe tip from behind, the end of the tip will be 
in the shadow of the vapor source. The very end of the tip then has a small, 
uncoated region and may be used as a probe. 

Figure 3.20 shows a schematic of a typical NSOM. The probe is connected 
to an optical fiber (not shown in the figure), and laser light is coupled into the 
probe through the fiber. The probe is held close to the specimen by a tech- 
nique similar to those used in atomic force microscopy and scanning tunneling 
microscopy (which are not optical microscopes). In an NSOM, however, the 
probe is vibrated, or dithered, laterally at or near its mechanical resonance 
frequency by means of a piezoelectric device. The dithering is detected, for 
example, by directing a laser beam transversely to the probe and monitoring 
the light scattered by the probe with a photodetector. The probe is brought 
into near contact with the specimen by means of a piezoelectric actuator, 
that is, a micropositioner that uses a piezoelectric crystal for positioning. 
Although the mechanism is not understood, the amplitude of the dithering 
decreases and the frequency shifts until the probe contacts the surface. The 
probe tip may be maintained a fixed distance from the surface, however, by 
using electronic feedback to hold constant the amplitude, frequency, or phase 
of the dithering. In this manner, the probe tip may be held within 5 or 10nm 
of the surface. 

Because the probe is tapered to a diameter well below the wavelength of 
the light, it functions (or malfunctions) similarly to a tapered output coupler 
(Sect. 12.1.5). That is, most of the light that is directed into the probe is 
lost as a result of the taper, some is retroreflected and some absorbed by the 
metallic coating. The metallic coating may be destroyed if the input power 
is too high, of the order of a few tens of milliwatts. 

The transmittance of the probe is typically between 1074 and 10-9. The 
transmittance back through the probe is the same, so the net reflectance of 
the system is between 107* and 10~'*. It is therefore hard but not impossible 
to measure the reflected power, first, because that power is small and, second, 
because it is apt to be swamped by the shot noise (Sect. 4.3.3) of the power 
that is retroreflected by the taper. 
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Instead, the designer of an NSOM will often use a system similar to that 
shown in Fig. 3.19. In that figure, the specimen is assumed to be opaque, so 
the system is set up in reflection. The probe illuminates a very small area 
of the specimen, and the light that is reflected by that area is diffracted 
in all directions. For that reason, a hemispherical mirror is used to collect 
the diffracted light and focus it onto a detector. The diffracted power is 
proportional to the reflectance of the specimen directly under the probe. 
The probe is scanned in a raster to generate an image of the surface. If the 
surface is not a plane but has structure, that structure can also be measured 
by monitoring the height of the probe. 

NSOM’s may be designed in a variety of ways. If the specimen is trans- 
parent, then the hemispherical mirror may be replaced with a high-aperture 
lens on the opposite side of the specimen, for example. Similarly, the speci- 
men may be illuminated and, in that case, the light guided by the probe may 
be detected. The mode structure of semiconductor lasers may be examined 
in this way. Finally, if the specimen is a photoconductor such as a solar cell 
(Sect. 4.3.1), the specimen may be illuminated by the probe; the resulting 
photocurrent gives information on the structure of the specimen. 

When a beam of light reflects from a metallic surface, it penetrates slightly 
into the metal. The intensity of the light inside the metal is approximately 
an exponential function of depth. The depth at which the intensity falls to 
a value equal to 1/e times its value at the surface is called the skin depth. 
The intensity at the tip of the probe is very roughly constant across the clear 
aperture of the probe and then falls exponentially with radius. Thus, the 
effective diameter of the probe is, again very roughly, equal to the diameter 
of the probe tip plus twice the skin depth. 

Usually, the skin depth is less than the diameter of the probe tip, so its 
value is relatively unimportant. Nevertheless, the skin depth determines the 
theoretical resolution limit of a probe tip whose diameter is vanishingly small. 
That is, the ultimate resolution limit of an NSOM is of the order of twice the 
skin depth of the metallic coating. The skin depth depends on the properties 
of the metal and the details of its deposition. It is of the order of 50 nm for 
most metals in the visible region of the spectrum. 

The imaging properties of the NSOM depend in a complicated way on 
the interaction between the probe tip and the surface. The wave transmitted 
by the probe expands rapidly after it leaves the tip, for example, so the 
resolution limit depends on the distance between the probe and the specimen. 
In addition, owing to what are in essence multiple reflections, there is a strong 
interaction among the waves transmitted by the tip and reflected by the 
specimen. In the terms of Sect. 7.3, the response of the NSOM is not a linear 
function of electric field, so the NSOM cannot be characterized by either an 
impulse response or a transfer function. Indeed, perhaps because the response 
of the NSOM is highly nonlinear, resolution limits of the order of 10 nm, or 
much less than the skin depth, have been reported. 
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Fig. 3.21. Photomicrograph of alu- 
minum lines on a transparent sub- 
strate, exposed with a near-field 
scanning optical microscope. Pho- 
tography by Helmut Haensel and 
Armin Knoll, Bayreuth University, 
Germany, courtesy of Digital Instru- 
ments 


Figure 3.21 is a photomicrograph of a resolution target exposed with an 
NSOM. The target consists of aluminum lines deposited on a glass plate. The 
photomicrograph was exposed in transmission, so the opaque aluminum lines 
appear dark. The well resolved vertical lines near the center of the figure are 
approximately 30nm apart, which suggests that the resolution limit of the 
instrument is slightly less than 30 nm. 


Problems 


3.1 A certain eye has 5D of myopia and 2D of accommodation. Find the 
near and far points for that eye. What are the near and far points when the 
myopia is corrected with a —5 D lens? Will the patient require special reading 
glasses or bifocals? 


3.2 (a) Estimate the change of position of the principal planes of the eye when 
spectacle lenses are used. Estimate the resulting change of magnification of 
the image on the retina. Why is the magnification change small when the 
patient wears contact lenses? 

(b) Assume that a patient can tolerate a 10% difference of image size 
between his two eyes. What is the maximum acceptable difference of power 
between the left and right lenses? 

(c) Aphakia is the lack of the crystalline lens (usually due to surgery 
to remove cataracts, or crystalline lenses that have become opaque). What 
is the approximate power of a cataract lens (a spectacle lens designed to 
correct aphakia)? What is the difference of magnification between the eyes 
of an aphakic with one normal eye and a cataract lens over the aphakic eye? 


3.3 Close-up Photography. Two thin lenses in contact have magnification 
f2/ fi when the object is located precisely at the focal point of lens 1. 
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(a) Explain why the lenses need not be precisely in contact. 

(b) Suppose that the first lens has a focal length 50 mm and the second, 
of 200 mm. Show that the magnification is in error by about 2% if the object 
is located 0.25 mm from F}. 


3.4 A camera has a 50-mm lens that is diffraction limited at F/8. It is used 
with a high-resolution film that can resolve 200 lines/mm. Find the useful 
magnifying power for photographing distant objects through a telescope that 
has an objective lens with diameter D. Explain why the result differs from 
the value 5 Diem), which applies to visual observations. 


3.5 A certain film has a maximum density of about 4; the average density 
of the negative of a scene is less than 0.5. Estimate what fraction of the 
undeveloped silver originally in the emulsion remains after the photograph is 
developed. (The unused silver is eventually dissolved in the fixer and either 
discarded or salvaged.) 


3.6 Perspective Distortion. A camera with a 50-mm (focal length) lens pho- 
tographs a distant scene that has considerable depth. The photograph is 
enlarged by a factor of 10. 

(a) Find the location from which each image in the enlargement will 
subtend an angle equal to that subtended by the original object. This location 
is called the center of perspective. 

(b) Show that images of nearby objects will appear disproportionately 
large when the observation point is beyond the center of perspective. This 
phenomenon is known as apparent perspective distortion and is often seen in 
close-up photographs, where the camera was too close to the subject. 


3.7 We want to locate the focal plane of an F/11 lens by focusing on an 
object whose distance is about 1000 times the focal length f' of the lens. 
Calculate the error in locating the focal plane. Assume that we can resolve 
about 100 lines/mm in the image plane. Compare the depth of focus with 
the focus error. This is the origin of the rule of thumb that 1000 focal lengths 
is “equal to" oo. 


3.8 A near-sighted scientist removes his spectacles and announces that he 
has just put on his magnifying glasses. Explain this peculiar remark and 
determine what magnifying power he has achieved if his spectacles have a 
power of —5 D. Assume, if you like, that his range of accommodation is 4D. 


3.9 Using his actual near point (not 25 cm) as a reference, find the magnifying 
power of a magnifying glass used by a myope (a patient who has myopia) 
whose near point d, is much less than 25 cm. The focal length of the lens 
must be less than what value before the myope experiences a magnifying 
power appreciably greater than 1? 


3.10 A certain scanning confocal microscope uses a 40 x, 0.65-NA objective 
with a tube length of 160 mm. The diameter of the pinhole that precedes the 
detector is 11 um and the depth of field of the objective lens is about 0.65 um. 
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(a) Use (2.46) to determine the distance between the primary focal point 
of the objective and a well-focused object point. 

(b) Suppose that the object is moved an additional 100 um farther from 
the objective lens. At what distance from the secondary focal point is this 
object point brought into sharp focus? 

(c) What is the diameter of the resulting circle of confusion in the plane 
of the pinhole? 

(d) If this circle of confusion is uniformly illuminated, what fraction of 
the light passes through the pinhole? Because nearly all the light of a focused 
point passes through the pinhole, this result gives roughly the attenuation of 
an object point that is out of focus. 


3.11 An object 1 m distant and 1 cm wide is viewed through a telescope that 
has a 50-mm (focal length) objective and a nominally 10 x eyepiece. 

(a) What is the angular subtense of the object when it is viewed from the 
distance of 1 m with the naked eye? 

(b) What is the apparent angular subtense of the image seen through the 
eyepiece? Assume that the objective lens is now 1 m from the object. 

(c) What is the overall magnifying power of the telescope referred to the 
object 1 m away? 


3.12 (a) We outfit a microscope with a 40 x, 0.65-NA objective and view the 
end of an optical fiber with light whose wavelength is 550 nm. What power 
eyepiece should we use? What is the resolution limit? 

(b) An astronomical telescope has a 1-m (focal length) objective lens 
whose diameter is 7.5 cm. What power eyepiece should it have? Can it dis- 
tinguish two stars separated by 10 prad? 


3.13 Use (3.7) to estimate the depth of field of a microscope objective in 
terms of its numerical aperture N A. Compare with Problem 5.12. 


3.14 A camera uses a film that has resolving power RP — 100 lines/mm. At 
what focal length will the angular resolution limit of the camera equal that 
of the eye? 


3.15 We want to photograph distant objects through a telescope. For this 
purpose we choose a pair of 10 x 50 binoculars and a camera with a 50-mm, 
F/2 (maximum aperture) lens. 

(a) Show how to take the photographs and sketch the instrumentation, 
including the correct position of the camera. Find the largest useful aperture 
diameter D of the camera lens. 

(b) Assume that the camera is diffraction limited when set at diameter 
D. Explain why it is probably best to expose all the pictures at that aperture 
diameter. What if, as is more likely, the camera is not diffraction limited but 
is limited by the resolving power of the film? 

(c) Suppose that the camera (without the telescope) requires an exposure 
time of t when it is set at diameter D. Find the exposure time when the 
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camera is fixed to the binoculars. (In fact, the transmittance of the binoculars 
may be less than 1, so trial exposures will be necessary.) 


3.16 A camera has a 35-mm (focal length) lens. It is used with a film that 
has a resolving power RP = 30 lines/mm, or resolution limit RL = 1/30 mm. 
The film, not the lens, limits the capabilities of the system. 

(a) Two points are separated by a small angle 6. What is the smallest 
value of ó that the camera can resolve (with this film in it)? Compare with 
the angular resolution of the eye (0.3 mrad). 

(b) The camera is set up to look through a telescope whose objective lens 
has diameter D as in Problem 3.15. What is the largest useful magnifying 
power of the telescope? Why does it differ from the value 5D. that pertains 
when the eye looks through the telescope? 


3.17 For another application of a projection system, see Problem 11.1. 


4. Light Sources and Detectors 


In this chapter, we discuss radiometry and photometry, blackbody sources, 
and line sources, and introduce several types of detector of optical radiation 
and the noise associated with these detectors. 


4.1 Radiometry and Photometry 


The subject of photometry deals with the propagation and measurement of 
visible radiation. Photometry uses units that are based on the response of the 
human eye. For example, luminous power is identically 0 at all wavelengths 
outside the visible spectrum. The subject of photometry has been greatly 
complicated by a profusion of units. 

The more general subject is radiometry, which deals with propagation 
and measurement of any electromagnetic radiation, whether in the visible 
spectrum or not. The units of radiometry are watts and joules, for exam- 
ple. Photometric units are defined precisely analogously to these physical or 
radiometric units, and, in recent years, an effort has been made to define a 
consistent set of photometric units and terms. Because it is customary, we 
shall usually deal with photometric terminology. Nevertheless, the definitions 
and concepts involved are introduced first in terms of the familiar physical 
units. 


4.1.1 Radiometric Units 


To begin, consider a point source that radiates uniformiy in all directions 
(Fig. 4.1). We measure the radiant power dó emitted into a small solid angle 
df2. (The solid angle df? subtended by a certain area element at the source 
is dA/r?, where dA is the projection of the area element onto a sphere with 
radius r, centered about the source. A full sphere thus subtends a solid an- 
gle of 47 steradians.) The radiant intensity I of the point source is defined 
implicitly by 


dọ = IdR . (4.1) 


Since the units of ó are watts, J has units of watts per steradian, which 
we may write W-sr—!. 
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dQ Fig. 4.1. Radiant intensity of a point 
source 


The term, radiant intensity, is reserved for point sources; for a small plane 
source, we define radiance L by the equation 


d*¢ = LdS cos 6d? , (4.2) 


where dS is the area of a differential element of the source. (We use the 
notation d*@ as a reminder that two differential quantities appear on the 
right side of the equation.) 8 is the angle indicated in Fig. 4.2 between the 
normal to dS and the line joining dS and dA. We insert a factor of cos@ here 
because the source is inclined to dA and appears to have area dS'cos@. The 
quantity LdS cos @ is analogous to the radiant intensity of a point source. 

The units of L are watts per square meter steradian, W-m~?:sr~!. For 
convenience, the unit W-cm ?. sr~? is often used, even though the centimeter 
is not one of the mks or International System of units (SI). 

Next, assume that a small element of area dA is irradiated by some power 
dé; dé is infinitesimal because dA is infinitesimal. We define the irradiance 
E of the surfacc by the relation 


dọ = EdA, (4.3) 


independent of the inclination @ of the radiation to the surface (Fig. 4.3). E 
is the total power falling on a surface divided by the area of the surface, 
irrespective of the orientation of the surface. The units of E are watts per 
square meter, W-m~?. Again, W-cm~? is often the preferred practical unit. 

Several other quantities are less important and are derivatives of the quan- 
tities ġ, L, E, and I. These include the total energy Q in joules or watt sec- 
onds and the energy density w in watt seconds per square meter, W-s-m~?. 
Finally, radiant emittance M is used to describe the total power per unit area 


Fig. 4.2. Radiance of a small, plane 
area 
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Fig. 4.3. Irradiance of a surface 


Hio 


radiated from a surface. The units of M are watts per square meter; M is 
obtained by integrating radiance L over all possible angles. 

When either of the quantities Z or J depends on angle, we indicate this 
with a subscript @. In addition, if we are interested in a single wavelength 
interval AA centered at wavelength A, we use the subscript A. Thus, for exam- 
ple, L4 is known as spectral radiance, and its units are the units of radiance 
per unit wavelength interval, W-m ?-sr- ! -nm^ t}. Similarly, we adopt the sub- 
script v when we are working in a given frequency interval Av. The units of 
L, are radiance per unit frequency interval, W-m~?-sr~!-Hz~?. 


4.1.2 Photometric Units 


Photometric units are defined in terms of the standard eye, whose response 
curve relates them to the physical or radiometric units. Photometric units 
are important, say, in illumination engineering, where the visual sensation of 
"brightness" is important. 

The fundamental photometric unit is the lumen (lm). Just as radiant 
power is measured in watts, luminous power or luminous flux is measured in 
lumens. To circumvent the profusion of nomenclature that existed in the all- 
too-recent past, we use the same symbol ó for luminous power as for radiant 
power. When it is necessary to distiniguish between luminous and radiant 
power, the subscripts v (for visual) and e (for energy) are used. Thus, $, is 
luminous power and ģe, radiant power. 

ge and ó, are related to one another by the spectral response Va of the 
bright-adapted eye, shown in Fig. 3.2. Va is the spectral sensitivity or luminous 
efficiency of the eye and is normalized to 1 at its maximum value. This max- 
imum occurs in green light at about 555 nm. In a small wavelength interval 
at this wavelength only 


l watt = 683 lumens , (4.4) 


by definition. At all other wavelengths, the visual sensation produced by 
1 W is equal to 683 lm multiplied by V4; Va is always less than 1. (The 
term, luminous efficacy, is reserved for the ratio of luminous power to radiant 
power at a given wavelength. The luminous efficacy is thus equal to 
(683 Im-W-1) .VA.) 

The quantities derivable from luminous power $, are precisely analogous 
to the radiometric quantities. The luminous intensity I, of a point source 
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Table 4.1. Important radiometric and photometric quantities and their units 


Symbol Photometric Radiometric Definition 
(SI Units) Unit Unit 
$ luminous power (flux), radiant power, 
Im 
I luminous intensity, radiant intensity, power radiated by 
Im-sr~! (cd) W.sr^! point source into 
unit solid angle 
L luminance radiance power radiated from 
Im-m~?-sr~' (cd-m?) W.m"?.sr^! unit area into unit 
solid angle 
E illuminance, irradiance total power falling 
Im-m ^? (Ix) W-m~? on a unit area 
Q luminous energy radiant energy 
Im-s J(W:s) 


radiant emittance ^ total power radiated 
(radiant exitance), (in all directions) 
W.m ? from a unit area 


is defined exactly as radiant intensity; the units of J, are therefore Im-sr~!. 
Similarly the luminance Ly of a point source (formerly called brightness) is 
analogous with radiance Le, and its units are lm-m~2-sr~!. The luminous 
power per unit area incident on a surface is called illuminance H, (formerly 
illumination) and has units of lm-m~?. Finally, the lumen per steradian is 
known as the candela and abbreviated cd; the lumen per square meter is 
called the lux (Ix). 

Table4.1 relates the important radiometric and photometric quantities 
and their units. We can compute values in, say, photometric units from those 
in radiometric units by using the response V4 of the eye. For example, if we 
know the irradiance Eye at a given wavelength A, then the corresponding 
value of illuminance Ej, is just 


Ex, = (6831m - W7!) Vy (4.5) 


If the illuminating source is not monochromatic, then E», is interpreted as 
the irradiance produced by the source in a narrow band centered at A. In 
that case, the total illuminance E, is found by integration to be 


E, = (6831m - W^!) / VA Exe dA , (4.6) 


where the limits of integration can generally be taken to be 400 to 700 nm. 


4.1.3 Point Source 


The power radiated by a point source with intensity Z into solid angle df2 is 
dọ = Id. (4.7) 
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The total power radiated by a uniform point source (Tọ = J) is thus 
$ = 4rl. (4.8) 


Suppose, as in Fig. 4.1, that we irradiate (or illuminate) an area dA with 
this point source. The area is located a distance r from the source and sub- 
tends a solid angle (dA cos0)/r?, where we let the normal to dA be inclined 
at angle 0 to the line that joins dA and the source. The power that falls on 
dA is thus 


dA 
dó = r1 cos @ . (4.9) 
We may find the irradiance of the surface from the definition 
dó = EdA, (4.10) 


where dó is the total power falling on the area element. Equating these last 
two expressions, we find that 


xu 
E= "à cos 0 (4.11) 


is the irradiance brought about by a point source. This is well known as the 
inverse-square law. We consider a source to be a point source only when it is 
so small or distant that the inverse-square law applies. 


4.1.4 Extended Source 


We generally idealize this case and assume the radiance of a source to be 
independent of angle; that is, 


lecL,. (4.12) 


Such sources are known in optics as Lambertian sources and appear equally 
bright at all angles. 

We will shortly need an expression for the total power radiated by a small 
Lambertian source. We may find this expression, by using the construction of 
Fig. 4.4. The power radiated into a solid angle df? is given by (4.2). Assuming 
the source to be the surface of an opaque body, we seek the power radiated 


LAE 
Fig. 4.4. Cross section of a plane source radiating 


into a thin conical shell 
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into a hemisphere (not a sphere). We look first at the power radiated into the 
thin conical shell whose cross section is indicated in Fig. 4.4. We find the solid 
angle corresponding to that shell by constructing a hemisphere with radius 
r. The shell intersects the sphere and defines an annulus on the surface of 
the sphere. The width of the annulus is rd@, and its radius is r sin 8. Its area 
dA is accordingly 


dA = 27 (rsin60) rd6 , (4.13) 
and the solid angle it subtends, therefore, 

df? = 21 sin8 dð . (4.14) 
The power radiated into df? is therefore 

d?¢ = (LAS) 27 sin 0 cos 6d8 . (4.15) 

We may determine the total power dó radiated into a cone by integrating 


this expression from 0 to the half-angle ĝo of the cone, 


9o 
dó = anLas f sin 0 cos 0d6 . (4.16) 
0 


The result is 

dó = v LdS sin? 6, . (4.17) 
The total power radiated into the hemisphere is 

do = 7LdS , (4.18) 


because 6) = 90° for this case. 


4.1.5 Diffuse Reflector 


Suppose irradiance E falls on a small area dS. Then the total power falling 
on the surface is 

dé; = EdS. (4.19) 
Suppose that the surface scatters a fraction k of this power in such a way 
that its radiance is not a function of angle. Then, 

dó, = kdd; , (4.20) 


where dó, is the total scattered power. Such a surface is called a Lambertian 
reflector. It is immaterial whether the surface radiates power or scatters it. 
The important fact is that power leaves the surface in all directions. We may 
therefore apply the result of the last section and write that 


dd, = 1L,dS , : (4.21) 
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where L, is the apparent radiance of the surface. 
Combining the last three equations, we find that 


L; =kE/n. (4.22) 


L, is the radiance (or luminance) of a Lambertian reflector with irradiance 
E striking it. 

Only a few diffusing surfaces make good Lambertian reflectors in the 
visible portion of the spectrum. Such surfaces look nearly white if k is about 
1 and appear equally bright at any viewing angle. Pressed blocks of MgO, 
BaSO,, or Teflon powder and certain flat paints make the best diffusers. Milk, 
snow, and heavy, white unglazed paper are also excellent diffusers. 

Certain diffusers may scatter light into a full sphere, like ground glass. A 
few, such as milky-white opal glass, approximate Lambertian reflectors; their 
apparent radiance is 


L! = kE[2n . (4.23) 


Ground glass itself is a poor diffuser and scatters most of the light falling on 
it into a narrow cone centered about the direction of the incident light. Some- 
times this is desirable, because then, in the forward direction, the radiance 
of the surface greatly exceeds Li. 


4.1.6 Integrating Sphere 


An integrating sphere is a hollow sphere whose inside surface is coated with 
an approximately Lambertian reflector. [t may be used to measure the total 
power of a beam whose irradiance distribution is arbitrary or of a source 
whose radiance distribution is arbitrary. 

Suppose there is a source located anywhere inside the sphere. The source 
may be self-luminous, or it may be a scatterer illuminated through a hole 
in the sphere. A detector (or a piece of opal glass with a detector behind 
it) is located elsewhere on the inner surface of the sphere. A small stop 
prevents propagation directly from the source to the detector; the detector 
is illuminated only by diffuse reflections from the inside of the sphere. 

We call the area of the detector dA and calculate the radiant power falling 
on dA. Let dS be an arbitrary element of area on the inside surface of the 
sphere. Light shines directly from the source onto dS. The apparent radiance 
of dS is L, so the radiant power falling onto dA is 


d^ó; = Lcosa dS df2, (4.24) 


where a is the angle shown in Fig. 4.5 and d? is the solid angle subtended 
by dA at dS. The distance between dA and dS is 2Rcosa, so the equation 
reduces to 


d'p, = LdSdA/AR? . (4.25) 
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LdS Fig. 4.5. Integrating sphere 


dA 


Several cosines have canceled as a result of the spherical geometry; the equa- 
tion is independent of œ and therefore independent of the position of dS. If 
we use (4.22) and integrate with respect to S, we find that 


dé; = (kdA/4r R?) / Eds, (4.26) 


where E is the irradiance from the source. 
The integral of E over the entire sphere is just the total radiant power Øs 
emitted by the source. Therefore, dó; may be rewritten in terms of ¢, as 


do: = k s dA/ (4n R?) . (4.27) 


Some of the power scattered by the inner surface of the sphere is scattered 
a second, third, and more times before falling onto the detector. Precisely 
similar reasoning reveals that dø2 = kdó;,dó3 = kd@2, and so on, where dd; 
is the power scattered onto the detector after i reflections off the inside of 
the sphere. Therefore, the total power that falls onto the detector is 


do = (s dA/Ar R?) (k +k? +k? +---) , (4.28) 
or, when the infinite series is summed, 
k gs i 
dọ = Tok im 04 í (4.29) 


The detector and the openings in the sphere must occupy only a small fraction 
of the sphere's area, or else the analysis breaks down. Likewise, the source 
must be small compared to the area of the sphere, so that the stop that 
separates the source from the detector will not obscure too large a solid 
angle. Even if k is as large as 98 %, the efficiency d¢/d@, of the sphere is apt 
to be only a few percent. Still, because it allows measurement of arbitrary 
irradiance distributions, the integrating sphere has proven to be a useful 
instrument for evaluating diffuse sources and scatterers. With laser sources, 
even the low efficiency of the integrating sphere is not a great drawback. 
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4.1.7 Image Illuminance 


Consider a system, such as a camera, in which a lens projects a real image of 
a bright, extended object. The image distance is l’, and the image is off axis 
by 0 (Fig. 4.6). dS is a small area of the lens, and dS'a small portion of the 
image plane. 

An observer stationed at dS’ sees light originating at the lens, giving it 
an apparent luminance L given by 


d?^$ = LdS cos8df2 , (4.30) 


where d?$ is the total luminous power passing through the lens (dS) and 
directed toward dS’. The solid angle df? subtended by dS’ is 


MN dS mex | (4.31) 
(l^ / cos 8) 
which yields 
cost 0 
d= Lasas =" 00) 


If the aperture of the lens is relatively small compared with l’, we may 
assume 0 to be approximately constant over the aperture. Integrating over 
the aperture (really, the exit pupil) thus yields 


nD? 
4 ? 
where D is the diameter of the aperture. 
The illuminance of dS’ follows from the definition (4.3), and we write it 


49 
d¢ = L ds’ (4.33) 


as 
onL cost 0 
~ 4 (l'/D? > 
The illuminance does not depend on object distance or other geometric 
parameters, but only on the source luminance. The angular dependence is 


(4.34a) 


Fig. 4.6. Image illuminance 
(cosine-fourth law) 
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severe, in that illuminance decreases as cos* 0. This is known as the cosine- 
fourth law. l'/D is the effective F-number, which has been discussed in con- 
nection with the basic camera (Sect. 3.2). 

Nearly all optical systems suffer from the cosine-fourth law. One way 
of circumventing this law in wide-angle optics is to employ a curved image 
“plane”. The image surface lies on a circular cylinder whose radius is about 
equal to the image distance. The illuminance then follows a cosine law. By 
way of example, suppose a camera requires a 90° field, or a 45° half-field. 
Because cos*45° = 1/4, a flat film plane loses two F-stops between the 
center and the edge of the format. With a curved film surface, the loss is only 
7096 or about half of one F-stop. 

In the optical system of the eye, the retinal illuminance determines the 
sensation of brightness. Because l’ is fixed, we find that the illuminance E, 
at the fovea depends on only the object luminance and the diameter D of 
the pupil, 


E, x LD? . (4.34b) 


When the object is a point source, the image illuminance has a different 
dependence on F-number and diameter. In Fig. 4.7, we show a point source 
with luminous intensity 7 illuminating an element dS of a lens. We treat only 
the case where the source lies on the axis of the lens. The total power falling 
on dS is 


d@=IdS/I? . (4.35) 


As before, we assume that the lens is small enough compared with // that we 
can ignore angular dependences. Thus, the power collected by the lens is 


à = InD? /4l? , (4.36) 


where D is the lens diameter. 

Diffraction theory shows that the image of a point is a small disk whose 
radius is about Al’/D, where A is the wavelength of the light (Sect. 5.7). Thus, 
the light collected by a perfect lens is focused into an area S" approximately 


=r (&y (4.37) 


The average illuminance E in that area is just $/S', or 


Fig. 4.7. Image illuminance re- 
sulting from a point object 
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pg. L D V. (4.38) 
4P (ul / D)? 

There are two important points. First, the illuminance does, in this case, 
depend on the distance of the object. Second, the illuminance depends not 
only on the F-number but has an additional factor of D? that was not present 
in the case of an extended object. This is so because the diameter of the image 
of a point decreases as the aperture of a perfect lens increases, whereas the 
diameter of the image of an extended source remains constant. This is one 
reason why astronomical telescopes are so large (even though their resolution 
is limited by atmospheric effects). As the aperture is increased, for given focal 
length, the illuminance of star images increases ideally as D^*, whereas the 
illuminance of the diffuse background of the sky increases only as D?. Thus, 
the stars can be made to stand out against the sky and very dim stars can 
be photographed. 


4.1.8 Image Luminance 


Previously we were concerned with the illuminance of an image projected 
onto a screen or film. Here we seek the luminance of the aerial image that is 
viewed directly and not projected on a screen. 

Consider an element dS of a diffuse source with luminance L (Fig. 4.8). 
The power radiated into an element dA of a lens is 


d^$ = LdS dA/I? . (4.39) 


For convenience, we take cos@ = 1. 

All of the power collected by dA is directed through dS’ (the image of 
dS). The apparent luminance L’ is given implicitly by 

d?9/ = L'aS'df?' , (4.40) 
where dJ2’ is the solid angle indicated to the right of dS’. Because d is the 
same as the solid angle subtended by the lens, 

df?' =dA/l?. (4.41) 


(The “opposite angles are equal" theorem of plane geometry applies as 
well to solid angles.) If we assume that the lens does not attenuate the beam, 
then d?$ and d*¢’ are identical; thus 


Fig. 4.8. Luminance of aerial image 
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dA ds’ 

LdS B L'dA TE (4.42) 
The lens-area element dA is common to both sides and cancels. The image 
luminance L’ is therefore 


É A 4.43 
Felg hT) (4.43) 


To relate dS and dS’, we use the Lagrange invariant hnu. For generality, 
suppose that the lens is immersed in media with index n on its left and n' 
on its right. The half-angle subtended by the lens at dS is 


u= D/Z, (4.44a) 
and, similarly, 
u' = DIX . (4.44b) 


The square of the Lagrange invariant shows that 


D\? D\? 
2,42 12,42 
h*n (5) =h*n (a) i (4.45) 


from which the factors of D/2 cancel. If, now, we associate h and h’ with the 
dimensions of the area elements dS and dS", we find that 


dS Ary a^ 
cue doe im roe 4 
as (7) (= ^ (4.46) 
whether we take circular or square area elements. 
Thus, the apparent luminance of the image is 


L/ — (n'/nf L. (4.47) 
For a lens in air, n' — n, and 
LiL. (4.48) 


This important result can be stated in a general way. The apparent lu- 
minance of an extended object is unchanged by any optical system, except 
for attenuation by the components. (The theorem is, of course, not true for 
systems that have diffusing elements.) The most important consequence of 
this fact is that it is impossible to make an aerial image appear brighter 
by changing to a higher-aperture lens, for example by shortening the focal 
length. Although the lens condenses the light into a smaller image, it also 
increases the solid angle of the rays that emerge from the image. The two 
effects cancel to yield the same luminance in all cases. This result is known 
as the radiance therorem or the conservation of radiance. 
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4.2 Light Sources 


Here we discuss specifically classical or thermal sources and postpone laser 
sources to a chapter of their own (Chap. 8). Thermal sources are so named 
because they radiate electromagnetic power in direct relation to their temper- 
ature. For our purposes, we divide them into two classes: blackbody radiators 
and line sources. The former are opaque bodies or hot, dense gases that ra- 
diate at virtually all wavelengths; line sources, as their name implies, radiate 
on the whole at discrete wavelengths only. 


4.2.1 Blackbodies 


The basic physics of blackbodies is taken up in most modern physics texts; 
here we discuss only the results that are important to applied optics. We 
begin by noting that hot, opaque objects, dense gases, and other materials 
behave as blackbodies and radiate power according to Stefan's law, 


M = ec T^. (4.49) 


M is the radiant emittance (total power radiated per unit area) of the surface 
of an opaque object whose temperature in thermal equilibrium is T. ø is a 
universal constant, the Stefan-Boltzmann constant, 


a = 5.67 x 107° W - m7? - K~*. (4.50) 


(In practical units, o = 5.67 x 10 '? W - cm~? - K~‘.) e is known as the 
emissivity of the surface and varies between 0 and 1. For a true blackbody, ¢ is 
precisely 1. The emissivity of all real materials is less than 1 and varies slightly 
with temperature and wavelength. Many blackbodies are good Lambertian 
sources; their radiance is therefore ca T^ /m. 

Figure4.9 shows the spectra of blackbodies at various temperatures. 
M)(T) is the radiant emittance per unit wavelength interval at temperature 
T. Several things are apparent from the figure. A hot blackbody radiates more 
energy at every wavelength than a cooler one. In addition, most of the radia- 
tion is in the infrared portion of the spectrum for blackbodies at temperatures 
less than a few thousand kelvins. (An object can be heated to a dull-red in- 
candescence at about 500K or so; what the eye sees is the short-wavelength 
tail of the blackbody radiation.) Comparatively cool bodies radiate entirely 
in the infrared. For example, bodies at typical ambient temperatures, say 
300 K, have maximum radiant emittance in the neighborhood of 10 um. The 
atmosphere is largely transparent in this region of the spectrum; as a result, 
the 8 to 14 um wavelength region is important in certain applications, such 
as remote sensing of crop growth, water pollution, and so on. 

The shift of the blackbody spectrum toward shorter wavelengths at higher 
temperature is described by Wien's displacement law, 


AmT = 2898 um K , (4.51) 
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where A,, is the wavelength at which the blackbody has its maximum emit- 
tance. For rule-of-thumb calculations, it is convenient to remember that the 
sun as seen through the atmosphere is approximately a blackbody with Am 
about 480 nm (slightly less than the wavelength of maximum sensitivity of 
the eye) and a surface temperature of 6000 K. 

The curves in Fig. 4.9 are accurately described by Planck’s law, which is 
usually written in terms of frequency v (= c/A) and states that the spectral 
radiant emittance of a true blackbody is 


Qnv4 hv 
The quantity h is Planck’s constant, 
h = 6.626 x 107% J-s. (4.53) 


To derive his law, Planck had to assume that matter radiated discrete quanti- 
ties of electromagnetic radiation called quanta. The energy of each quantum 
is hv. The success of this assumption provided the foundation for the modern 
quantum theory of atomic structure. 

Figure 4.9 is a log-log plot of Planck’s law; in this representation, all of 
the curves have the same shape. The dashed line connects the peaks of each 
curve. To find W4(T) for any temperature, it is necessary only to find Am 
from Wien’s displacement law. We then locate the position of the maximum 
value of W,(T) along the dashed line. The remainder of the curve may be 
plotted by interpolating between two existing curves or otherwise making use 
of the fact that the curves are all identical. 


M, (W-cm?- um!) 


Fig. 4.9. Spectral radiant emit- 
tance of blackbodies that have 
various temperatures 
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Fig. 4.10. Practical blackbodies 


a 


Planck's law was derived under the assumption of thermal equilibrium. 
Conservation-of-energy arguments show that when a blackbody is in thermal 
equilibrium with its surroundings, the absorptance a, the fraction of incident 
power absorbed, must be equal to e; that is, 


&€—a. (4.54) 


For a true blackbody, € = 1. Therefore, since a = 1, the blackbody the- 
oretically absorbs all the radiation falling on it. No radiation is reflected, 
transmitted, or scattered; this is the origin of the name, blackbody. 

The condition a = 1 also gives us a clue as to how to construct a good 
blackbody radiator. Such blackbody emitters are needed to calibrate detec- 
tors or standard lamps. The best blackbody is a hole in a cavity, such as those 
shown in Fig. 4.10. If the interior is smooth and highly reflecting, any radi- 
ation that enters the opening will be reflected many times before finding its 
way back out. At each reflection there is some absorption; whatever radiation 
finally does make its way out is only a small fraction of the incident radia- 
tion. (The cavity walls are not rough because rough surfaces always scatter 
radiation, so some of the incident radiation would be scattered directly out 
of the cavity.) The opening to the cavity thus closely approximates an ideal 
blackbody. 

Tungsten lamps and other sources of continuous spectra are sometimes 
called gruybodies, provided that their emissivities are nearly independent of 
wavelength. At 3000 K, tungsten has an average emissivity of about 0.5. 

Glass and other materials that we normally consider transparent may 
be nearly opaque in the infrared. Such materials may transmit or reflect 
radiation, as well as absorb and emit. For example, the absorptance of glass 
for the thermal radiation from a 300-K blackbody is 0.88. If energy is to be 
conserved, about 12% of the radiation falling on the glass must be partially 
transmitted, reflected, or both. Such considerations lead us to conclude that 


a+R+T=1 (4.55) 


for a real body for which a # 1. R and T are the total reflectance and 
transmittance, including any radiation that may be scattered diffusely. 
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For an opaque body, T = 0. Therefore, 


a=1-R. (4.56) 
Highly reflecting surfaces are poor blackbodies, whether they are matte or 
shiny. 


If € varies with wavelength, the preceding three equations hold true at 
each wavelength; that is, ©, = a, and so on. 

Besides tungsten, practical sources of infrared or blackbody radiation in- 
clude the commercially available Globar and Nernst glower. The former can 
be operated at about 1500 K and has a fairly uniform emissivity as a function 
of temperature. The Nernst glower may be run as hot as 2000 K. 

The carbon arc, an electric discharge in air between two carbon electrodes, 
reaches a temperature of the order of 6000 K. High-pressure gas arcs, such 
as xenon arcs in quartz envelopes, exhibit spectral radiances in the visible 
and ultraviolet equivalent to that from blackbodies with temperatures in 
excess of 6500 K. Other arc lamps include high-pressure mercury and sodium 
lamps, which are among the most efficient in generating visible light. The 
sun has already been mentioned as a blackbody with a temperature about 
6000 K. Outside the earth's atmosphere, the irradiance due to the sun is about 
135mW-cm~?; the atmosphere attenuates the radiation by at least 75%, 
depending on the solar elevation, and the spectrum only faintly resembles a 
6000 K blackbody. 

At low temperatures, say 250-350 K, many nonmetals behave as black- 
bodies with emissivities as high as 0.8 or more. Most clean, metallic surfaces 
have comparatively low emissivities in this temperature range. The outdoor 
terrain has an emissivity that averages about 0.35; the emissivity of snow 
is 0.95. The daytime sky is roughly equivalent to a blackbody at ambient 
temperature with an emissivity approaching 1 at the horizon and falling to a 
low value at the zenith. The average emissivity of the daytime sky is about 
0.7, less in high-altitude or low-humidity environments, where there is less ab- 
sorption resulting from the presence of water vapor and carbon dioxide in the 
air. Clouds seen from below are approximately blackbodies 1 K or so below 
ambient temperature. The nighttime sky is often assumed to be a blackbody 
with an effective temperature of 190 K. 


4.2.2 Color Temperature and Brightness Temperature 


The color temperature of a graybody is the actual temperature of a blackbody 
that has the same color as the graybody. Color temperature therefore provides 
an estimate of the true temperature of a graybody. The estimate is low, 
except, possibly, in the case that the emissivity of the graybody is significantly 
greater at short wavelengths than at long wavelengths. If the graybody is 
truly gray (that is, if its emissivity is independent of wavelength), then color 
temperature is the same as true temperature. 
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At temperatures of 800-1000 K, a graybody is dull red. At about 1200K, 
it is bright red, turning to yellowish red at 1400 K and to the near white of 
an incandescent bulb by 2000 K. Between 3000 and 5000 K, a graybody is 
intense white; it turns to pale blue between 8000 and 10000 K. 

The brightness temperature of a graybody is the true temperature of a 
blackbody that has the same radiance at a given wavelength, usually about 
650 nm. Brightness temperature is measured by making a visual comparison 
between the brightness of a tungsten filament and the unknown graybody; the 
instrument used to make such comparisons is known as a radiation pyrometer. 
Because the graybody always emits less radiation at a given wavelength than 
a blackbody at the same temperature, brightness temperature is always less 
than true temperature. 


4.2.3 Line Sources 


Incandescent gases in which there is little interaction between excited atoms, 
ions, or molecules are good examples of sources of line radiation. Neon lights 
and low-pressure sodium and mercury lamps are such sources (Table 4.2). 

To understand these sources, it is necessary to have some conception of 
the quantum theory of atomic structure. We begin with a description of the 
Bohr picture of the atom; details of this theory and of the more nearly correct 
quantum theory may be found in any modern physics text. 

In the Bohr picture (which strictly speaking applies only to hydrogen), 
the atom consists of a positively charged nucleus surrounded by orbiting neg- 
ative electrons called bound electrons. Our primary concern is the outermost 
electron. This electron may circle the nucleus in any one of a number of dis- 
crete orbits; orbits other than these are not allowed. The total energy of the 
electron in any orbit is the sum of its electrostatic potential energy and its 
kinetic energy; the total energy is least when the electron is in its smallest 
orbit. The energy of an atom is the sum of the energies of its electrons. 

The outermost electron may be shifted from its smallest orbit to another 
by addition of the proper energy. When this happens, we say that the atom 
has been raised from its ground energy level or ground state to a higher energy 
level or ezcited state. Similarly, by absorbing or emitting precisely the right 
increment of energy, the atom can jump from one energy level to any other. 
Such jumps are called transitions. Because the outermost electron is confined 
to a discrete number of orbits, the atom has only a discrete set of energy levels 
and therefore a discrete number of transitions. Further, some transitions are 
comparatively unlikely and are called forbidden transitions. 

If the electron absorbs enough energy, it may be set completely free of the 
atom. The atom acquires a positive charge and is known as an ion. When 
one or more of the remaining electrons is raised from its ground state, the 
ion exhibits energy levels different from those of the original atom. 

In a gas-discharge lamp, an electric current is passed through a partly 
ionized gas. Occasionally, a free electron strikes an atom and raises it to a 
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Table 4.2. Important spectral lines* 


Wavelength Elementë Wavelength Element* 


[nm] [nm] 

T68.2 K 471.3 He 
670.8 Li 486.1 H (F) 
667.8 He 467.8 Cd 
656.3 H (C) 447.1 He 
643.8 Cd 443.8 He 
589.6; 589.0 Na (D) 438.9 He 
587.6 He 435.8 Hg 
579.1 Hg 434.0 H 
577.0 Hg 430.8 Fe (G) 
546.1 Hg 410.2 H 
527.0 Fe (E) 407.8 Hg 
508.6 Cd 404.7 Hg 
504.8 He 396.8 Ca (H) 
501.6 He 393.4 Ca (K) 
492.2 He 365.0 Hg 
491.6 Hg 253.7 Hg 
480.0 Cd 


^Letters in parentheses are the designations given to 
the lines by Fraunhofer. The most important laser 
wavelengths are given in Table 8.1. 


higher energy level. The atom soon falls to a lower energy level, frequently by 
the mechanism of emitting enough electromagnetic radiation to ensure that 
energy is conserved. This is called spontaneous emission. 

The frequency of the radiation is determined by the difference in energy 
between the two levels. If the energy difference is AE, then the frequency v 
of the emitted radiation is such that | 


hv — AE. (4.57) 


As long as its atoms are in thermal equilibrium with its surroundings, 
an intense line radiator can never exceed the spectral emittance M, (T) of a 
blackbody at the same temperature as the line source. That is, the emissivity 
of a line source cannot exceed 1. This rule is broken only by laser sources, 
the atoms of which are not in thermal equilibrium with their surroundings. 

The spectral lines emitted by an isolated, stationary atom are extremely 
sharp; for most practical purposes the atom can be said to emit monochro- 
matic radiation (that is, one frequency or wavelength only). 
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In a real gas, the atoms are not at all stationary, but move with com- 
paratively high velocities, depending on the temperature. Because some of 
the atoms are moving toward the observer, some away, and others in other 
directions, the freqency of the radiation is shifted by different amounts by 
the Doppler effect. As a result, the very nearly monochromatic radiation of 
the isolated atom is almost never observed. 

When a gas is dense, the atoms collide with electrons and with one an- 
other more frequently than when the gas is more rarified. Further, in a high- 
temperature or a high-current discharge lamp, atoms are continually influ- 
enced by the electric fields of electrons and ions as they pass by. The effect 
of both the collisions and the electric fields is to broaden the spectrum still 
further. Therefore, high-pressure gas-discharge lamps emit spectra that are 
more like bands than like lines. 

In addition, a continuum of radiation results from the presence of many 
free electrons in hot, dense gases. This continuum comes about, in part, from 
recombination radiation, or the capture of free electrons by ions. Recombi- 
nation radiation is continuous because the free electron (as opposed to the 
bound electron) is not restricted to discrete values of energy, but rather may 
acquire any value. Figure 4.11 illustrates why this results in a continuum of 
radiation: the tails of the arrows are not restricted, thus allowing a wide range 
of energy to be emitted. 

Another factor contributes to continuum radiation. In classical electrody- 
namics, accelerated charges are known to radiate. As the free electron (which 
is in constant motion) passes ions or other free electrons, it is accelerated by 
their electric fields. Even if the free electron is not captured, the radiation 
resulting from this acceleration will add to the continuum. 


f "pan: la a ee 


Á 
77, Free electrons f, 


E, 
te 
9 hv, 
zc 
Ww 
E, 
. Bound 
MI electrons 


E, Fig. 4.11. Energy levels of a typical 
Line radiation Continuum radiation line radiator 


84 4. Light Sources and Detectors 


When the gas is hot enough and dense enough, the continuum becomes 
intense, and the spectral lines become so broad that they begin to overlap. 
When this happens, the spectrum becomes more like that of a blackbody 
radiator than like that of a line source. The hotter and denser the gas, the 
more closely it approximates a blackbody. 

A similar situation prevails in certain solids or liquids, though at lower 
temperatures. Frequently, a solid may contain certain atoms or ions with 
energy-level structures like that of Fig. 4.11. However, because the density of 
a solid or a liquid is very much greater than that of a gas, the energy levels 
are virtually always broadened considerably. As a result, the spectra of solids, 
even at room temperature, consist of bands tens of nanometers or more wide. 


4.2.4 Light-Emitting Diodes (LEDs) 


The light-emitting diode or LED is a relatively new type of light source and 
has seen considerable application in alphanumeric and other displays. Because 
of its small size and low power requirements, it also has great value in optical 
communications and computers. 

Basically, the LED consists of a junction between heavily doped p- and 
n-type semiconductors, such as gallium arsenide. An n-type semiconductor 
has many, highly mobile electrons, whereas a p-type material has less mo- 
bile, positive holes. When two such materials are joined, the mobile charges 
reorient themselves until the energy-level structure of Fig. 4.12 results. The 
structure is characterized by two bands, one above and one below the forbid- 
den gap labeled E,. Neither electrons nor holes are allowed to have energies 
that fall within the gap (see also Sect. 4.3.1). 

We fix our attention on the more mobile electrons. At low temperatures, 
virtually all of the electrons have energies below the level (the Fermi level) 
Ey indicated by the dashed line. The shaded regions below E; indicate the 
presence of electrons. Electrons above the forbidden gap are mobile and are 
known as conduction electrons. The unshaded region in the p-type material 
just above E; indicates the absence of electrons or the presence of holes. 

The conduction electrons cannot occupy the holes in the p-type material, 
because they are physically separated by the width of the junction. If an ex- 
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ternal voltage V is applied, the conduction electrons can be attracted toward 
the p-type materal. If the p-type material is made positive and if the voltage 
drop across the junction is large enough, the conduction electrons will be 
injected into or across the junction. Examination of Fig. 4.12 shows that the 
electron needs to acquire, approximately, energy E, to cross the potential 
barrier into the p-type material. Therefore, 


eV > E, (4.58) 


is required. The electron is now free to undergo a transition across the for- 
bidden gap and to combine with a hole. In suitable semiconductor materials, 
this gives rise to the emission of light. 

LEDs are commonly available in the near-infrared and red regions of the 
spectrum; they have been made with wavelengths as short as that of blue 
light. 


4.3 Detectors 


Detectors of light (including ultraviolet and infrared radiation) fall into two 
classes, thermal and quantum detectors. Quantum detectors depend upon 
the absorption of a quantum of radiant energy; in essence, they measure the 
rate at which quanta interact with the detector. In a thermal detector, on 
the other hand, the radiation heats the detector element, and the ensuing 
temperature rise is measured. 

In addition, it is sometimes convenient to classify detectors as those which 
record or detect an image and those which do not. Image-recording detec- 
tors may be either thermal or quantum detectors, but the vast majority are 
quantum detectors. 


4.3.1 Quantum Detectors 


These detectors fall into two general subclasses. Both work as a result of 
the photoelectric effect, the excitation of an electron by a quantum of electro- 
magnetic energy. In the external photoelectric effect, the incident light excites 
the electron to the point that it completely escapes from an irradiated sur- 
face, much as sufficient energy can free a bound electron from an atom. The 
internal photoelectric effect, of which photoconductivity is one example, refers 
to the case in which the energy of the quantum is insufficient to free the elec- 
tron from the detector surface, but is sufficient to excite the electron to the 
point where it changes the electrical conductivity of the material. 

Detectors whose operation is based on the external photoelectric effect are 
called phototubes. The simplest phototube, the vacuum photodiode, consists of 
two electrodes, an anode and a photocathode in an evacuated glass envelope. 
The photocathode is coated with a material to which the electrons are only 
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Fig. 4.13. Vacuum photodiode 


weakly bound. It is held at a negative potential V5 with respect to the anode 
(Fig. 4.13). When radiation with sufficiently high quantum energy strikes the 
surface of the photocathode, electrons are released and current flows through 
an ammeter or series load resistance Ry. (The phototube is a current source.) 

The least expensive and perhaps most common vacuum photodiode is 
made of a half-cylinder photocathode surrounding an anode that is just a wire 
running along the axis of the cylinder. It has a comparatively fast response 
and can measure pulses with about 10-ns duration. In the biplanar diode, the 
electrodes are closely spaced planes with comparatively high voltage between 
them. Such diodes minimize the transit time of the electrons and thereby 
realize response times as short as a fraction of a nanosecond. 

For increased sensitivity, some phototubes are filled with a gas at low 
pressure. If the electric potential between the anode and the cathode is great 
enough, an electron emitted by the cathode is accelerated to the point where 
it has enough energy to strike and ionize a gas atom. This creates a second 
free electron, known as a secondary electron. Secondary electrons may go on 
to create other secondary electrons and produce an amplification factor of 5 
or 10. Unfortunately, the gas-filled phototube is comparatively slow, having 
a response time of the order of a millisecond. 

The multiplier phototube or photomultiplier is a vacuum photodiode with 
a very high-gain amplifier included within the tube. The amplifier is con- 
structed of up to a dozen electrodes called dynodes. The dynodes are coated 
with a material that will give rise to secondary electrons, much as the gas 
in the gas-filled phototube. The potential difference between each succeed- 
ing dynode is typically about 100 V; the potential drop across an entire tube 
ranges from about 500 V to several kilovolts. 

The electrons emitted by the cathode are electrostatically focused onto 
the first dynode, where they give rise to secondary electrons. These are in 
turn focused onto the succeeding dynodes until they reach the anode. The 
voltage must be extremely well regulated, because the number of secondary 
electrons is a sensitive function of voltage. 
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The overall gain in a photomultiplier tube may be so high (10!° or more) 
that care must be taken that the illumination and the corresponding anode 
current remain sufficiently small that the tube does not become saturated. 

The speed of response of the photomultiplier, like that of the vacuum 
photodiode, is limited by the transit time of electrons traveling from one 
electrode to the next. Because there are many such electrodes, the response 
time of the photomultiplier is greater than that of the vacuum photodiode. 
Nevertheless, well-designed photomultiplier tubes have response times close 
to 10 ns. 

Typical photocathodes are made of silver-oxygen-cesium and other mix- 
tures. Their response is good throughout much of the visible and ultraviolet. 
In the ultraviolet, phototubes are often limited by the transmittance of the 
envelope. In the infrared, the external photoelectric effect is comparatively 
useless because the energy per quantum is insufficient to free electrons from 
the photosensitive surface with great efficiency. Nevertheless, biplanar diodes 
are in use at ] jum, where certain applications that require the fast response 
times of these detectors are possible because of the high irradiance produced 
by lasers. 

Photoconductive detectors are semiconductors. Such materials are char- 
acterized by an energy-level structure such as that seen in Fig. 4.14. A pure or 
intrinsic semiconductor displays a valence band or continuous set of energy 
levels in which the electrons are bound to the solid and not able to move 
freely, somewhat as bound electrons in an atom are not free to move about 
in a gas. There is, in addition, a range of energies called the forbidden gap; 
electrons in the solid may not take on values of energy within the forbidden 
gap. A conduction band lies above the forbidden gap. Electrons with ener- 
gies in the conduction band are free to move about in the solid. They are, 
however, bound to the solid as a whole and cannot escape the surface as in 
vacuum photodiodes. 

At room temperature, most of the electrons in an intrinsic semiconductor 
lie in the valence band. The semiconductor has a high electrical resistance. If 
the material is exposed to intense enough radiation whose quantum energy 
is greater than the band gap between the valence and conduction bands, then 
enough electrons may be excited to the conduction band to decrease the 
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electrical resistance of the material. In addition, positive holes created in the 
valence band by the departure of the electrons contribute to the conductivity 
of the material. 

The band gap of many semiconductors is greater than the quantum energy 
of infrared radiation. To reduce the energy necessary to bring about electrical 
conduction, the semiconductor may be doped with a smal] amount of impurity. 
The impurity creates energy levels within the forbidden gap, as shown in 
Fig. 4.14. Depending upon the impurity, the levels may be donor levels, which 
provide electrons to the conduction band, or acceptor levels, which provide 
holes to the valence band (that is, accept electrons from the valence band). 
Impurity semiconductors that have free electrons in the conduction band are 
called n type; those with holes in the valence band are called p type. The 
locations of the impurity levels with respect to the valence or conduction 
bands determine the minimum quantum energy that can be measured with 
a doped-semiconductor detector. 

The impurity levels also provide a significant number of electrons or holes 
in the respective bands due to thermal effects at room temperature. These 
electrons or holes may mask any effect that results from irradiation of the 
detector. Therefore, in many cases, the detector has to be cooled, typically 
to liquid-nitrogen temperature, 77K. Thermal effects become increasingly 
important as we move farther into the infrared, because of the decreasing 
quantum energy and the relative weakness of most infrared sources. 

The most common photoconductive detectors are probably lead sulfide 
and cadmium sulfide, both of which may be used at room temperature. Cad- 
mium sulfide is restricted to the visible, but lead sulfide has high response 
as far into the infrared as 3 or 4 um. Other important photoconductors are 
germanium, especially doped with gold or mercury, indium antimonide, lead 
telluride, and mercury cadmium telluride. Common photoconductors have a 
response to a few micrometers; photoconductors have been made with re- 
sponse to several hundred micrometers. 

The response time of photoconductors is generally longer than that of 
vacuum photodiodes. It is determined by the rate at which the electrons and 
holes recombine, and varies greatly from semiconductor to semiconductor. 
The fastest semiconductors have time constants of a fraction of a microsecond; 
on the other hand the response time of some cadmium-sulfide detectors can 
be nearly a tenth of a second. 

The photoconductive detector is generally used with a load resistor Ry 
and a battery or voltage source, all in series. The circuit is that of Fig. 4.13, 
with the photoconductor in place of the vacuum photodiode. When there is 
no radiation falling on the detector, the voltage across the load resistor is 


oec 
R 4- Hj 
where R is the dark resistance of the photoconductor. When the photoconduc- 
tor is irradiated, its resistance decreases by AR. The corresponding change 


Vo . (4.59) 
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AV, of the voltage across the load resistance is measured as the output of 
the device. 

Another type of detector that is based on the internal photoelectric effect 
is the photovoltaic detector. Such detectors are made of junctions between 
two semiconductors, one of which is doped with acceptors, the other with 
donors. Because the holes and electrons are mobile, the charges orient thern- 
selves as in Fig. 4.12, which shows the band structure of the light-emitting 
diode. Because the conduction electrons and the holes are drawn to opposite 
sides of the junction, there is a strong electric field in the region of the junc- 
tion. In addition, there are neither electrons nor holes within the junction 
region, because they combine with one another when they are not physically 
separated. 

When the junction is irradiated, valence-band electrons may be excited 
to the conduction band, thereby creating electron-hole pairs. However, be- 
cause of the strong electric field in the junction region, the electrons and the 
holes created there are accelerated in opposite directions and prevented from 
recombining with one another. A current is created because of the velocity 
imparted to these charged particles. If we connect an ammeter across the 
junction, we will detect the current as long as the irradiation is continued. 
This is the photovoltaic effect. 

The most common photovoltaic-effect detectors are silicon and selenium 
cells, also called solar cells. The silicon cell in particular can convert a large 
fraction of incident power to electrical power. Gallium arsenide and its rela- 
tives can be used as fast photovoltaic detectors; see also Sect. 12.1. 

Frequently, a photodetector is made by reverse bias of a pn junction; that 
is the positive side of a battery or other voltage source is connected to the 
n-type material, the negative side to the p-type material. A detector operated 
in this way is called a photodiode and is sometimes said to be operated in the 
photoconductive mode (as opposed to photovoltaic mode). 

The region near the junction of a pn diode is known as the depletion layer 
because there are virtually no electrons or holes there. The depletion layer is 
bounded on both sides by regions of comparatively high space charge. Only 
carriers created in or near the depletion layer are effective in contributing 
to the photocurrent; carriers created in the bulk of the material are unlikely 
to be accelerated by the electric field in the junction before they recombine 
with carriers of the other type. The diode is designed so that the depletion 
layer is located as near to the surface of the detector as possible. The optical 
absorption and the width of the depletion layer are chosen so that most of 
the carriers are created in the depletion layer. These carriers are swept apart 
rapidly by the field in the depletion layer. The speed of response of the diode 
is determined by the transit time of carriers across the depletion layer and 
by the capacitance of the depletion layer itself. 

Reverse-biasing the diode increases the width of the depletion layer. It 
therefore ensures that more carriers are created in the depletion layer and 
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reduces the capacitance of the depletion layer. Reverse-biasing increases both 
the speed and sensitivity of a photodiode. 

Sometimes the width of the depletion layer is controlled by fabricating a 
pin diode, where the i stands for “intrinsic”. That is, a comparatively thick 
layer of high-resistivity material is located between the p and the n materials. 
This creates a thick depletion layer. 

When the reverse bias is great enough, multiplication of the photoelec- 
trons will occur because of secondary emission. A diode designed to multiply 
small signals in this way is called an avalanche photodiode. Avalanche pho- 
todiodes are fast and sensitive, but they are comparatively noisy at very low 
irradiance because the number of secondary electrons generated per primary 
electron is uncertain. 

Some photodiodes are available in small packages that also contain high- 
gain operational amplifiers. These devices are capable of detecting very low 
levels of radiation and can sometimes function as solid-state substitutes for 
photomultiplier tubes. They are usually more stable than photomultiplier 
tubes and require lower voltages (typically 6-15 V) with less precise regula- 
tion. 

Other quantum detectors include the eye, photographic film, and the video 
camera (Sect. 7.4.1). These are imaging detectors, unlike the detectors we 
have just discussed. 


4.3.2 Thermal Detectors 


This class of detector depends on the heating of the detector element by 
the incident radiation. If the mass of the element is small enough, then the 
temperature rise that results from even a small amount of radiation will be 
large enough to be measured. 

The earliest infrared detectors were radiation thermocouples. These de- 
vices are still widely used in infrared spectroscopy, and a newer variety is 
essential in measuring accurately the output of high-power lasers at all wave- 
lengths. 

The radiation thermocouple consists of a blackened detector surface, usu- 
ally a small, thin chip of material coated with gold black. This is an evapo- 
rated film of gold that is nearly uniformly black at all wavelengths from the 
ultraviolet well into the infrared (including the important 8 to 14 um region). 

To measure the temperature rise that results from the incoming radia- 
tion, the detector is fixed to a small thermocouple. This device, made of very 
fine wires to lessen heat conduction from the detector, is merely a junction 
between two dissimilar metals. A voltage drop always exists at such a junc- 
tion; its actual value depends on the temperature of the junction. Therefore, 
measuring the voltage drop across the junction is a means of measuring the 
temperature of the junction. 

Practical radiation thermocouples generally have a second junction in 
series with that fixed to the detector. This junction is shielded from the ra- 
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diation and is inserted so its voltage opposes that of the other junction. It 
is known as the reference or cold junction. The junction fixed to the detec- 
tor is called the hot junction. The primary function of the cold junction is 
to make the output of the radiation thermocouple directly proportional to 
the increase AT of the temperature of the detector owing to the incident 
radiation. Without the cold junction, the device would indicate the absolute 
temperature T of the detector; because AT is always much less than T, taking 
measurements would involve observing very small voltage differences. In ad- 
dition, small changes in the ambient temperature would be indistinguishable 
from the effects of radiation. 

When the cold junction is in place, the output of the thermocouple is 0 
when the irradiance is 0, irrespective of small changes of the ambient temper- 
ature. In addition, the output of the radiation thermocouple is now a nearly 
linear function of irradiance. 

A radiation thermopile is a somewhat more sensitive device that is made 
up of several hot and cold junctions in series, and all fixed to the same 
detector. 

Radiation thermocouples and thermopiles are comparatively slow devices 
and are almost always used at dc or rates of change of irradiance corre- 
sponding to a few hertz. Their time constant is determined by the thermal 
characteristics of the detector element; a thermocouple can always be made 
slightly faster by decreasing its area and therefore its sensitivity. 

Massive radiation thermopiles, whose detector elements are often stainless 
steel cones, are used to measure the output power of high-power lasers (or, 
in the case of pulsed lasers, the energy of a single pulse). 

Thermocouples and thermopiles must be calibrated with a standard 
source, such as a blackbody at 500 K. Laser devices are calibrated with joule 
heating by a known electrical power. Once calibrated, a thermopile may be 
used as a secondary standard for calibrating other sources. 

A bolometer is a thermal detector whose electrical resistance changes 
with temperature. Most of the discussion of the thermocouple applies to the 
bolometer as well. Unlike the thermocouple, however, the bolometer does not 
generate a voltage of its own, but must be connected to an external voltage 
source. A practical bolometer contains a matched pair of elements, one of 
which is the detector, and one of which serves a function analogous to the 
cold junction of the thermocouple. The device is connected to some kind of 
electrical bridge network, which measures the difference in resistance between 
the two elements. The output of a metallic bolometer is linearly related to 
irradiance. ; 

A bolometer with a semiconductor element rather than a metal element 
is called a thermistor. Thermistors are about 10 times more sensitive than 
metal bolometers. 

If a small flake of thermistor material is fixed with good thermal contact 
to a comparatively massive heat sink, then the thermistor will cool rapidly 
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after any incident radiation is abruptly cut off. A bolometer with a fairly short 
response time can be made in this manner. Sensitivity is sacrificed because 
of the large overall mass of the device. Often speed is more important than 
sensitivity; response times as short as 10 ms are possible. 

A pyroelectric detector is made from a material that has an internal electri- 
cal polarization. The material may be a crystal or a plastic. Certain crystals 
naturally have an internal polarization. The plastic, on the other hand, is 
polarized by placing it, at a high temperature, in an electric field. When 
the temperature is reduced and the plastic therefore hardened, an electrical 
polarization is retained by the material. 

When a pyroelectric material is heated, the electrical polarization changes 
slightly. The change can be detected as a displacement current. 

A pyroelectric detector is made by blackening the surface of a pyroelectric 
material. The material is placed between two electrodes; any change of the 
irradiance of the blackened surface is accompanied by a change of the tem- 
perature of the material, and therefore by a current in the external circuit. 
The detector responds only to changes of irradiance; it must be used with 
pulsed sources or sources whose radiation is modulated, as by mechanical 
chopping. 

Like other thermal detectors, which often have blackened surfaces, the 
pyroelectric detector is sensitive throughout most of the visible and infrared 
spectra. 


4.3.3 Detector Performance Parameters 


Several parameters are needed to characterize the performance of any detec- 
tor. We have already alluded to one or two; here we take them up in more 
detail. 

The performance parameters we shall consider are the output of the de- 
tector for given irradiance, the spectral sensitivity, the minimum detectable 
signal, and the modulation-frequency response. 

The responsivity .2€ of a detector is the ratio of the detector’s output to 
the input. The precise definition depends upon the application. In infrared 
detectors, responsivity is generally volts or amperes per watt (in more prac- 
tical units, microvolts or microamperes per microwatt); that is, it is the ratio 
of output voltage or current to input radiant power. For detectors that op- 
erate primarily in the visible spectrum, responsivity is sometimes expressed 
as amperes per lumen, where a particular incandescent tungsten source is 
assumed. 

One of the properties that determine the responsivity of a quantum detec- 
tor is quantum efficiency, the number of photoelectrons created per incident 
quantum. The quantum efficiency of most photocathodes is low, less than 
10%, whereas silicon detectors have been made with quantum efficiencies 
approaching 100 %. 
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The responsivity of nearly all detectors depends on wavelength. This de- 
pendence on wavelength is generally called the spectral sensitivity or, more 
properly, spectral responsivity F of the detector. Spectral responsivity is the 
second important detector parameter. Quantum detectors, especially, have a 
comparatively limited wavelength range of spectral responsivity, so the choice 
of detector often depends on the nature of the source. 

Often the source is pulsed or its irradiance is modulated. Frequently the 
modulation is accomplished by mechanical chopping with a toothed wheel 
spun by a synchronous motor. The output of the detector is observed with 
a frequency-sensitive amplifier. This technique may allow a relatively weak 
source to be detected in the presence of a bright surrounding that is not 
chopped and therefore not detected. It is therefore often important to ask 
how the responsivity of the detector varies with chopping frequency. 

At low frequencies, the detector output will closely follow the variation of 
irradiance. At higher frequencies, the output will not follow the input nearly 
so well. In thermal detectors, this is so because the rate of change of the 
temperature of the detector element is limited by the thermal mass of the el- 
ement. In quantum detectors, several factors may limit the speed of response. 
For example, in vacuum photodiodes, the important factor is the transit time 
of the electrons from one electrode to the next. In photoconductors, the car- 
riers have a finite lifetime, and this is one factor that determines the rate at 
which the output of the detector can be varied. 

Both the rise and decay of many detectors are exponential with time. 
They behave as low-pass filters; their responsivity is accordingly 


Rf) = — l (4.60) 
(1 +4r? f?r?) 
where .2£, is the responsivity at zero frequency. 7 is the response time or time 
constant of the detector. The frequency f. = 1/277 is often called the cutoff 
frequency. .#2(f) is nearly constant from dc to fe. 

A detector with a cutoff frequency f. or a time constant 7 will give a true 
representation of pulsed sources only when the pulse duration is much longer 
than 7. 

In certain applications, we will need to detect an extremely weak signal. 
This is especially true in infrared systems, although it can also apply to 
optical communications and various applications in the visible. 

All electronic systems suffer from noise. Noise comes about because of the 
discrete nature of the electric charge, because of thermally generated carriers, 
and because of other effects. If we assume sufficiently sensitive and noise-free 
electronics, then the minimum radiant power that we can detect is that which 
will bring about an output large enough that it can be distinguished from 
noise in the detector itself. It is conventional to define that minimum as 
the power that produces an output exactly equal to the noise output of the 
detector. (In other words, the signal-to-noise ratio must exceed 1 for a signal 
to be deemed detectable.) 
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For many common sources of noise, the noise power is proportional to 
the bandwidth Af of the detection electronics. Such noise is known as white 
noise. Most detectors are incorporated into circuits that display either the 
current or the voltage developed by the detector. Because current and voltage 
are proportional to the square root of power, noise current and noise voltage 
are proportional to A f!/?. Therefore, the minimum detectable radiant power 
within an electrical bandwidth A f increases in direct proportion with A f!/?. 

Let us look briefly at noise in solid-state photodiodes. Suppose that such 
a photodiode is wired in series with a load resistor Ry, as in Fig. 4.13. We 
measure the photocurrent in the photodiode by monitoring the voltage drop 
across the load resistor. 

One form of electrical noise, commonly called Johnson noise or thermal 
noise, results from the random motions of the electrons in the resistor. Sup- 
pose that the load resistor is connected across a transmission line. The photo- 
diode is connected across the other end of the transmission line, but we may 
consider that end to be an open circuit because the resistance of the photodi- 
ode is very much higher than that of the load. The resistor exchanges energy 
with the transmission line because of fluctuations in its temperature. This 
energy is carried by an electromagnetic wave inside the transmission line. The 
transmission line supports certain modes of vibration, each of which carries 
energy kT’, where k is Boltzmann's constant. Thus, by dimensional analysis, 
we may infer that the energy transferred per unit time is proportional to 
kTAf, where Af is the electrical bandwidth of the detection electronics. In 
fact, it turns out that the proportionality constant is 4. That is, the noise 
power due to thermal noise is 


Py = AKTAf. (4.61) 


If the load resistance is R, then the noise current at any electrical frequency 
and within the bandwidth A f is 


ith = (4KT Af /R)*/?. (4.62) 


The discrete nature of the electron or of the photon gives rise to shot noise. 
In one view, sometimes called the semiclassical picture, the electromagnetic 
field causes the emission of individual photoelectrons at random times. In 
another view, the electromagnetic field is itself quantized, and fluctuations in 
the field cause the emissions of photoelectrons to be random. The fluctuations 
in the field are associated with particles called photons. Hence, shot noise is 
sometimes called photon noise or quantum noise. It is the result of randomly 
sampling a population of photons. 

Suppose that, on average, N photoelectrons are counted during any inter- 
val At. Assume that the power in the beam is steady and the photoelectrons 
are distributed randomly in time. According to a theorem of probability the- 
ory, the number of photoelectrons counted in different intervals of the same 
duration At will fluctuate by N/?: this is the standard deviation of a Pois- 
son distribution. That is, any time we count the photoelectrons during an 
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interval At, we are very likely to find between N — N!/? and N + N!/? pho- 
toelectrons. Such fluctuations in the distribution of photoelectrons give rise 
to shot noise. Because N is proportional to At, the fluctuation N'/? is pro- 
portional to At'/?. If we associate At with the reciprocal of the bandwidth 
of the detecting electronics, we conclude that the noise current is due to shot 
noise is, like thermal noise, proportional to A f!/?. Specifically, 


is = (2eiAf)'/?, (4.63) 


where e is the charge of the electron. Equation (4.63) gives the shot noise 
current associated with a steady photocurrent i. 

Relative intensity noise, or RIN, refers to optical power fluctuations in ex- 
cess of shot noise (though some authors include shot noise in their definition of 
relative intensity noise). Relative intensity noise is a property of sources, not 
detectors. In a spectrally narrow source such as a light-emitting diode, it re- 
sults from transient interferences, or beating, between different wavelengths. 
Relative intensity noise with this origin is sometimes called spontaneous- 
spontaneous beat noise. If shot noise is the result of the particle-like nature 
of light, then relative intensity noise is the result of its wave-like nature. 

If the spectral width of the source is Av (not to be confused with the 
electrical bandwidth Af of the detection electronics), the noise current due 
to relative intensity noise is, approximately, 


irin = (2A f / Av)! i (4.64) 


if the light is polarized (see Sect. 9.2) and (Af /Av)!"?i if the light is un- 
polarized. This last statement is so because orthogonal polarization states 
are independent, so their fluctuations are uncorrelated. Equation (4.64) is 
specific to an incoherent source, such as a light-emitting diode. The relative 
intensity noise of a single-mode laser is very much less and results from the 
interference between the laser light and the much weaker spontaneous emis- 
sion that is also emitted by the laser medium (Sect. 8.1). Relative intensity 
noise with this origin may be called spontaneous-stimulated beat noise. For 
many purposes, a single-mode laser may be considered free of such noise. 

Laser diodes exhibit strong positive feedback, so their output power is 
apt to oscillate. Such oscillations are called relazation oscillations and are 
related to spiking in the output of certain lasers; see Sect. 8.4.1. Relaxation 
oscillations give rise to a form of relative intensity noise in lasers, but the 
resulting noise current cannot be described simply. 

There are countless other sources of noise in both sources and detectors. 
For example, a multimode fiber (Sect.10.2.5) may exhibit noise similar to 
speckle noise (Problem 5.16) as power is exchanged among the modes of the 
fiber; this is known as mode-partition noise. With long averaging times, all 
detectors suffer from flicker noise, or 1/f noise. As the second name implies, 
noise power increases as bandwidth decreases or, equivalently, as averaging 
time increases. The origin of flicker noise is generally not known. 
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In some detectors, such as a photomultiplier tube, the dark current or the 
current in the absence of light, may be significant. In a solid-state photodiode, 
dark current is also called leakage current. In such detectors, the shot noise of 
the dark current, or dark noise, may be significant. An avalanche photodiode 
may exhibit more noise than is predicted if the amplification itself introduces 
noise. 

In a system where several sources of noise are significant, the components 
add in quadrature. For example, when thermal, shot, and relative intensity 
noise dominate, 


in = (is + if + thin)”, (4.65) 


where in is the total noise current. The radiant power Prin that brings about 
a photocurrent equal to in is called the minimum detectable power within 
the bandwidth Af. Since photocurrent is equal to the product of radiant 
power and responsivity .#, 


Fmin = (i2 x vg T ign) A. (4.66) 


When the incident power equals the minimum detectable power, the signal- 
to-noise ratio equals 1. That is, the minimum detectable power is the radiant 
power required to create a photocurrent equal to the total noise current in 
the system. 

Manufacturers often specify detectors in terms of their noise-equivalent 
power, or NEP. This is the radiant power required to create a photocurrent 
equal to the intrinsic noise of the detector. Often, the intrinsic noise is the 
thermal noise in the load resistor or the dark noise. That is, noise-equivalent 
power is the minimum detectable power at a given electrical frequency and 
within a given bandwidth when extrinsic sources of noise such as shot and 
relative intensity noise are ignored. (Some authors and manufacturers de- 
fine "the noise-equivalent power" as the minimum detectable power per unit 
bandwidth. In that case, "the noise-equivalent power" is not the minimum de- 
tectable power in a given bandwidth; rather, the minimum detectable power 
in a bandwidth Af is equal to the product of NEP and Af!/?. When it is 
defined in this fashion, NEP has the units of watts per (hertz)!/?, pronounced 
"watts per root hertz". The use of the term noise-equivalent power for least 
detectable power per unit bandwidth is therefore something of a misnomer, 
because the units of power are watts.) 

Noise-equivalent power is specified at a given wavelength, chopping fre- 
quency, and bandwidth, or, alternatively, for a given-temperature blackbody 
source, chopping frequency, and bandwidth. Many infrared detectors are de- 
scribed by their NEP measured using a 500-K blackbody, a chopping fre- 
quency of 90 or 900 Hz, and a bandwidth of 1 Hz. Often, noise-equivalent 
power is written NEP(500, 90, 1), for example, to indicate the blackbody 
temperature, chopping frequency, and bandwidth. In most cases, the tem- 
perature of the detector must be specified as well. When the detector is 
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Fig. 4.15. Spectral responsivity of several photocathodes. [After Electro-Optics 
Handbook (RCA Corporation, Harrison, NJ 1968)] 


intended for use with a specific laser, the noise-equivalent power is deter- 
mined at the wavelength of that laser, and that wavelength (rather than a 
blackbody temperature) is used in the specification of the detector. 

Other figures of merit are often used to characterize detector performance. 
The most common is D*, called dee star or specific detectivity. D* is the 
reciprocal of NEP, normalized to unit area and unit bandwidth; D* and 
NEP are related by the equation 


D* = A? AP? /NEP. (4.67) 


D* is useful in comparing one detector material or generic type with 
another, whereas NEP compares a specific detector with another. Noise- 
equivalent power, along with responsivity, time constant, and spectral re- 
sponsivity, is therefore more often the desirable parameter when specifying a 
detector. 

Figure 4.15 shows the spectral responsivity .7£4 of some common photo- 
cathodes; Fig. 4.16 shows D* for common room-temperature detectors. 


Problems 


4.1 Suppose that the radiance of a source is proportional to cos" 8. Such a 
source roughly approximates a semiconductor laser, for which m may be as 
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Fig. 4.16. Specific detectivity 
of room-temperature detectors 
that operate in the visible and 
near infrared. TC’, thermocou- 
ple. TB, thermistor bolometer. 
[After Electro-Optics Handbook 
(RCA Corporation, Harrison, 
NJ 1968); P. W. Kruse et al., 
Elements of Infrared Technol- 
ogy (Wiley, New York 1962); 
W. L. Wolfe (ed.): Handbook 
of Military Infrared Technology 
(US Government Printing Of- 
fice, Washington, DC 1965)] 
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much as 15 or 20. Derive a relation analogous to (4.17) for the power radiated 
into a cone whose half-angle is 4. 


4.2 Calculate the irradiance E’ falling on a small area element dA located 
close to a Lambertian diffuser that is irradiated with irradiance E. For con- 
venience, assume the diffuser to be circular and to subtend angle 6 at dA. 


4.3 Two scientists (who really ought to know better!) attempt to bring out, 
or enhance, the edges in a photographic image by making a “sandwich” of a 
positive, a negative, and a diffuser, and contact printing the sandwich onto 
a third piece of film (Fig. 4.17). Use the result of Problem 4.2 to estimate 
the irradiance as a factor of h. If the film has a latitude of one-half F-stop, 
roughly what will be the width of the exposed line? 


Diffuser 


Positive Negative Fig, 4.17. Edge enhancement of contact printing 
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4.4 An aperture with a diameter of 0.7mm is illuminated with a tungsten 
lamp; its radiance is equal to that of the lamp, or about 10 W-cm~?-um~? 
when A = 0.85 um. Its image is projected with magnification m = 1/40 onto 
an optical fiber. The numerical aperture of the lens is 0.14, and all the light 
incident on the fiber is coupled into the core of the fiber (see Chap. 10). 

(a) The light is filtered with a bandpass filter with AA = 10nm. How 
much power is coupled into the fiber? 

(b) The light is mechanically chopped with frequency f = 100Hz. A 
detector claims NEP = 10^! W when the bandwidth is 1 Hz. An electronic 
circuit with a bandwidth of 10 Hz amplifies the output of the detector. (i) 
What is the noise-equivalent power of the system? (ii) The poorest fiber to 
be tested has a loss of 20 dB, or a transmittance of 0.01. Will the detector be 
adequate? 


4.5 A more precise treatment of the cos* law. (a) A Lambertian source with 
area dA and radiance L is located at an angle 0 off the axis of a thin lens. 
The area of the lens is dS, and the lens projects an image with area dS’. 
Show that the irradiance E on the area element dS’ obeys the cos* law. 

(b) Compare your result with (4.34). What is the apparent radiance of 
the lens? [Hint: If the magnification of the image is m, what is dS’/dS?| 


4.6 (a) Assume, for the moment, that all the photoelectrons emitted from 
the cathode of a vacuum photodiode are emitted with zero energy. Consider- 
ing one such electron, show that a current i(t) flows during the time that the 
electron is in flight and that the magnitude of the current is proportional to 
(V/d)t, where V is the voltage drop across the photodiode, d is the spacing 
between the electrodes, and t is time. Find the time 7 during which the elec- 
tron is in flight for a fast biplanar diode, for which d — 2mm and V — 3kV. 
If our assumptions are correct, 7 is the speed of response of the photodiode 
to an extremely short optical pulse, and i(t) describes the output current 
waveform. 

(b) Now assume that the photoelectrons are emitted with a range of ener- 
gies of no more than 1 eV or so. (Visible-light quanta have energies of 1-2eV; 
the energy that binds an electron to the photocathode is a fraction of 1 eV.) 
Show that the initial energy is negligible and tiherefore that variations of 
transit time are unimportant compared to transit time itself. 

(c) Perform similar calculations for a more common photodiode, for which 
V is of the order of 100 V and d is of the order 1 cm. 


4.7 Refer to (4.59) and prove that the maximuri value of AV (for given 
radiant power) is attained when R, = R. That is, the maximum response 
is attained when the load resistance is equal to the dark resistance of the 
photoconductor. (Assume that the change AR in R is small compared with 
R itself.) Suppose the photoconductor is to be used in ambient light, where 
its working resistance is R. What is the optimum load resistance? 

This theorem is not true when AR is a large fraction of R. 
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4.8 Assume that a quantum detector absorbs all the radiation falling onto it 
and that each quantum of light releases one photoelectron. Use simple physi- 
cal arguments to show that the responsivity of the detector is approximately 
0.5 A/W in the visible region of the spectrum, where the quantum energy is 
approximately 2 eV. 


4.9 A certain opaque source does not obey Lambert’s law (Lg = L) but 
rather has Lg = 1/ cos@. Show that the power radiated into a cone is 


dócone = df? 
dÓpemisphere 2m 
where the axis of the cone is perpendicular to the surface. 


4.10 A certain optical system uses a light-emitting diode whose wavelength 
is 1.3 ym, whose bandwidth AA is 70nm, and whose power is 1 uW. The 
light impinges on a gallium indium arsenide detector whose responsivity is 
0.9 LA/AW. Calculate the signal-to-noise ratio, that is, the ratio of the pho- 
tocurrent to the noise current. [Use vÀ — c and Av/v — AA/A to deduce 
the spectral width Av of the source; see (5.90) and (5.91).] Assume that the 
load resistance is 1 MQ and that the temperature of the detector is 300K. 
Assume that the electrical bandwidth of the detector is Af = 3 Hz. (Electri- 
cal engineers often call the ratio of electrical powers the signal-to-noise ratio. 
Because electrical power is Pg = i? R, the signal-to-noise ratio defined in this 
way is the square of the signal-to-noise ratio defined in terms of current. Here, 
however, we define it in terms of current because current relates directly to 
radiant power. For example, a signal-to-noise ratio of 100 means that the 
radiant power is 100 times the minimum detectable radiant power.) 


5. Wave Optics 


In this chapter we discuss certain optical phenomena for which geometric or 
ray optics is insufficient. Primarily interference and diffraction, these phenom- 
ena arise because of the wave nature of light and often cause sharp departures 
from the rectilinear propagation assumed by geometric optics. For one thing, 
diffraction is responsible for limiting the theoretical resolution limit of a lens 
to a finite value. This is incomprehensible on the basis of ray optics. 

The necessary background for this chapter is derived with as few assump- 
tions as possible; some familiarity with wave motion is helpful. We cover 
mainly interference of light, far-field diffraction, and just enough near-field 
diffraction to allow a clear understanding of holography. We shall later de- 
vote space to the important interferometric instruments and treat multiple- 
reflection interference in sufficient detail to apply to laser resonators. 


5.1 Waves 
The simplest waves are described by trigonometric functions such as sines, 
cosines, and complex exponential functions. A traveling wave on a string 


(Fig. 5.1) may be described by the equation 


y = acos alt - vt), (5.1) 


Fig. 5.1. Traveling wave 
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where z is the position along the string and y, the displacement of the string 
from equilibrium. a is the amplitude of the wave. The wave has crests when 
the cosine is 1; examining the string at t = 0, we can easily see that A is the 
distance between crests, or the wavelength. 

The argument of the cosine is known as the phase of the wave. Suppose 
that we consider a constant value ġo of the phase, so 


(2 — vt) = ġo, (5.2) 

and differentiate both sides of this equation with respect to t. The result is 
dz 

= —, 5.3 


v is the velocity with which a point of constant phase (a crest, for example) 
propagates along the string; it is known as the phase velocity of the wave. 
Electromagnetic waves are two-dimensional, and v is the propagation velocity 
of a plane of constant phase in that case. 

By examining the wave at one point, for convenience z = 0, we may 
find the frequency v of the wave. The period T is the time required for the 
argument to change by 27, and v is the number of periods per second, or the 
reciprocal of the period. Thus, 


This relation is more commonly written as 
VÀ —v. (5.5) 
For compactness, we define two new quantities, wavenumber k, 
2T 
k-, 
É (5.6) 
and angular frequency w, 
w -2m7v. (5.7) 


(In spectroscopy, wavenumber is 1/A, when A is expressed in centimeters. ) 
The equation for the wave is then 


y = acos(kz — wt). (5.8) 


In terms of w and k, the phase velocity is w/k. 
Finally, the wave need not have its maximum amplitude when t = 0 nor 
at r — 0. We account for this by writing 


y —acos(kr — wt + $) , (5.9) 


where ó is a constant known as the relative phase of the wave. 


5.1 Waves 103 


5.1.1 Electromagnetic Waves 


Light is a transverse, electromagnetic wave characterized by time-varying 
electric and magnetic fields. The fields propagate hand in hand; it is usually 
sufficient to consider either one and ignore the other. It is conventional to 
retain the electric field, largely because its interaction with matter is in most 
cases far stronger than that of the magnetic field. 

A transverse wave, like the wave on a plucked string, vibrates at right 
angles to the direction of propagation. Such a wave must be described with 
vector notation, because a specific direction is associated with its vibration. 
For example, the wave may vibrate horizontally, vertically, or in any other 
direction; or it may vibrate in a complicated combination of horizontal and 
vertical oscillations. Such effects are called polarization effects (see Chap. 9). 
A wave that vibrates in a single plane (horizontal, for example) is said to be 
plane-polarized. 

Fortunately, it is not generally necessary to retain the vector nature of the 
field unless polarization is specifically known to be important. It is generally 
not important with most studies of diffraction or interference. Thus, we will 
generally be able to describe light waves with the scalar equation, 


E(xz,t) = Acos(kz — wt + ¢), (5.10) 


where E(z,t) is the electric field strength, A the amplitude, and z the direc- 
tion of propagation. 
The speed of light is almost exactly 


c = 3.00 - 105 m . s^! (5.11) 
and the average wavelength of visible light, 

A = 0.55 um . (5.12) 
Because vA = c, the frequency of visible light is approximately 

v=6-10'4Hz. (5.13) 


Detectors that are able to respond directly to electric fields at these fre- 
quencies do not exist. There are detectors that respond to radiant power, 
however; these are known as square-law detectors. For these detectors, the 
important quantity is not field amplitude A, but its square, intensity J, 


faa. (5.14) 


(We should properly use the term irradiance, but intensity is still conventional 
where only relative values are required.) 
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5.1.2 Complex-Exponential Functions 


It is much more convenient to employ complex-exponential functions, rather 
than the trigonometric functions and their cumbersome formulas. For our 
purposes, complex-exponential functions are defined by the relation, 


e'^ = cosa +isina , (5.15) 


where i = y —1.The complez conjugate is found by replacing i with ~i. 
The electric field is written 


E(z,t) = Ae 7-4) | (5.16) 


where it is understood that only the real part of E represents the physical 


wave. 
The intensity is defined as the absolute square of the field, 


I(z,t) = E*(z,t)E(z,t) , (5.17) 


where * denotes complex conjugation. (x,t) is always real. In a medium 
whose index of refraction is equal to n, the intensity is 


I 2nE*E, (5.18) 


where n = Jf is the square root of the dielectric constant of the material 
at the frequency of the light wave, according to a result of electromagnetic 
theory. 


5.2 Superposition of Waves 
Consider two waves, derived from the same source, but characterized by a 
phase difference ¢. They may be written as 

E, = Ae *z-wt) (5.192) 
and 

Ez = Ae 2-9tté) | (5.19b) 


For convenience, we allow them to have the same amplitude. If the waves are 
superposed, the resultant electric field is 


E = Ae 57-99 (1 4 9 id) | (5.20) 


Before calculating the intensity, we rewrite (1 + e~'*) by removing a factor 
of e~'4/2 from both terms, 

1 +e? = e7i6/2(e716/2 4 gid/2) (5.21a) 
Or 

1+e'? = 2e719/? cog( 5/2) . (5.21b) 
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This technique allows us to write E as a product of real functions and 
complex-exponential functions only. Because 


ei? ela —], (5.22) 
we may immediately write 
I = 4A? cos?(0/2) , (5.23) 


where A? is the intensity of each beam, separately. We shall use this result 
several times to describe cos? fringes. 

The intensity of the superposed beams may vary between 0 and twice the 
sum 24? of the intensities of the individual beams. The exact value at any 
point in space or time depends on the relative phase ¢. In particular, 


I = 4A? when ¢ = 2m7 , (5.24a) 


and 
I = 0 when ó = (2m 4 1) , (5.24b) 


where 7n is any integer or 0. 

Because energy must be conserved, we realize that we cannot achieve 
constructive interference without finding destructive interference elsewhere. 
Interference of two uniform waves may therefore bring about complicated 
distributions of energy. 


5.2.1 Group Velocity 


Now consider two waves that have slightly different values of k and w. The 
total electric field that results from these two waves propagating collinearly 
is 


P as p e ute +e K(Akz-Aut)) : (5.25) 


where k + Ak and w + Aw are the wavenumber and angular frequency of the 
second wave. This equation has the same form as (5.20), with ó = Akz — Awt. 
Therefore, we may use (5.21b) to write the total electric field as 


E x e 57799 cos((Akz ~ Awt) /2]. (5.26) 


The cosine factor is an envelope function that modulates the traveling waves. 
It is itself a traveling wave and has velocity 


vg = Aw/Ak , (5.27) 


according to (5.1-5.3). vg is known as the group velocity of the wave; in the 
limit as Ak and Ac approach 0, the group velocity approaches the derivative, 


Ug = dw/dk . (5.28) 
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This is the velocity at which a plane of constant phase (such as the peak) 
of the envelope propagates. It need not be the same as the phase velocity. 
Equation (5.28) turns out to be correct even when the wave is not restricted 
to two discrete frequencies but, more generally, consists of a relatively narrow 
range of frequencies. In that case, the envelope often appears as a pulse, rather 
than the cosine function. The group velocity is then the velocity at which the 
peak of that pulse propagates. 


5.2.2 Group Index of Refraction 


Consider a medium in which the index of refraction n(k) is a function of 
wavenumber k. The phase velocity of a wave is c/n(k). Therefore, 


w = ck/n(k) . (5.29) 
The group velocity may be found by differentiating w with respect to k, 
e k dn 


In a dispersive medium, that is, one in which n is a function of wavelength or 
wavenumber, dn/dk is not 0; the phase velocity c/n is then unequal to the 
group velocity. 

We may define the group index ng by the relation that 


Ug = C/ng , (5.31) 


or 
ng = n/ ( = T (5.32) 


Rewriting in terms of wavelength A and using the approximation that, for 
small x, 1/(1 + x) = 1 — z, we find after a little manipulation that 

ng =n- AT ; (5.33) 
Most commonly, dn/dA is negative, so the group index is greater than the 
index of refraction. Regions of the spectrum where dn/dA is positive are 
regions of high absorption and need not concern us. 

The group velocity may not exceed the velocity of light; however, there 
are conditions under which the phase velocity can do so. This is possible 
because energy is not propagated with the phase velocity, but with the group 
velocity. 

To visualize this state of affairs, we turn to Fig. 5.2. In this figure, a pulse 
consists of a wave with only a few wavelengths and a finite lateral extent. 
This pulse travels at the angle 0 to the horizontal line. We take the phase 
and group velocities to be equal; that is, the medium is dispersionless. 
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Fig. 5.2. Phase and 
group velocities 


XXe) 


An observer who positions detectors along the horizontal axis will see a 
pulse of energy travel by with velocity component ccos6, as expected; this 
is the horizontal component of the group velocity. However, the horizontal 
distance between the planes of constant phase is A/cos@, which is longer 
than the wavelength. If these planes are to propagate without changing their 
shape, the horizontal component of the phase velocity must be c/cos6, a 
value larger than c. This component is faster than the pulse itself but does 
not carry energy ahead of the pulse because its amplitude falls to 0 as soon 
as it reaches the leading edge of the pulse. This is not a contrived example; 
it accurately describes the phase velocity of a mode in an optical fiber and 
shows how v (but not vg) can exceed c without violating relativity. 


9.3 Interference by Division of Wavefront 


The wavefront refers to the maxima (or other planes of constant phase) as 
they propagate. The wavefront is normal to the direction of propagation. One 
way of bringing about interference is by dividing the wavefronts into two or 
more segments and recombining the segments elsewhere. 


5.3.1 Double-Slit Interference 


Suppose a monochromatic plane wave (a collimated beam, or a beam with 
plane wavefronts) is incident on the opaque screen shown in Fig.5.3. Two 
infinitesimal slits a distance d apart have been cut into the screen. Each slit 
behaves as a point source, radiating in all directions. We set up an observing 
screen a great distance L away from the slits. Light from both slits falls on 
this screen. The electric field at a point P is the sum of the fields originating 
from each slit 


E = A(e ^ 1 era jplet (5.34) 


where A is the amplitude of the waves at the viewing screen and ri, rs are the 
respective distances of the slits from P. Because the factor et is common 
to all terms and will vanish from the intensity, we shall hereafter drop it. 

If L is sufficiently large, r; and ro are effectively parallel and differ only 
by dsin 0. Thus 
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Fig. 5.3. Double-slit in- 
P  terference 


E = Agri (1.4 odit (5.35) 
The phase difference between the two waves is 
ó = kdsin6 , (5.36) 


and we can immediately write 
I = 4A? cos (3 dsin 0) (5.37) 


from the earlier treatment of superposition. dsin6 is called the optical path 
difference (OP D) between the two waves. For small angles, sin 0 = z/L, and 
the interference pattern has a cos? variation with z. Maxima occur whenever 
the argument of the cosine is an integral multiple of m, or where 


OPD = mA (constructive interference) . (5.382) 


This result is generally true and comes about because the waves have a 
relative phase equal to a multiple of 27 whenever the optical path difference 
between them is an integral multiple of the wavelength. 

Similarly, minima (in this case, zeros) occur whenever 


OPD = (m + 1/2)^ (destructive interference). (5.38b) 


When this relation holds, the waves arrive at the observing screen exactly 
180* out of phase. If the waves have equal amplitudes they cancel each other 
precisely. 

In fact, the cos? fringes do not extend infinitely far from the axis. This 
is so for at least two reasons: (a) the light is not purely monochromatic, and 
(b) the slits are not infinitesimal in width. 

The first relates to the coherence of the light, which we shall discuss 
later. This effect brings about a superposition of many double-slit patterns, 
one for each wavelength, so to speak. Each wavelength brings about slightly 
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Fig. 5.4. (a) Superposition of two incoherent, double-slit interference patterns. 
(b) Double-slit pattern with light that is not monochromatic. (c) Double-slit pat- 
tern with finite slits 


different fringe pattern from the rest, and at large angles @ the patterns do 
not coincide exactly (Fig. 5.4a). This results in the washing out and eventual 
disappearance of the fringes, as shown in Fig. 5.4b. 

The second effect has to do with diffraction, which we also discuss later. 
In the derivation, we assumed each slit to radiate uniformly in all directions. 
This assumption is valid only for zero slit width. A finite slit radiates pri- 
marily into a cone whose axis is the direction of the incident light. For this 
reason, the intensity of the pattern falls nearly to 0 for large 6. With a good, 
monochromatic source, this is usually the important effect and is shown in 
Fig. 5.4c. 


5.3.2 Multiple-Slit Interference 


If we generalize from two slits to many (Fig.5.5), we find that the OPD 
between rays coming from adjacent slits is dsin@. Thus, the OPD between 
the first and the jth slit is (j — [)dsin@. The total electric field at a point on 
the distant observation screen is a sum not of two terms, but of many, 


Fig. 5.5. Multiple-slit interferometer 
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E = Ae "1 [1 + e719 + e7’ 4 esio LLL. y e (N7 DIO]. (5.39) 
where N is the number of slits and $ = kdsin@ as before. . 
The term in brackets is a geometric series whose common ratio is e~*?. 
The sum of the terms in the series may be found by a well-known formula to 
be 
e iNÓ 
l- e-i? ` 
We use the same technique as before: factor e~*%%/? from the numerator 
and e~‘¢/2 from the denominator, and rewrite the sum as 


series sum — (5.40) 


sinó/2 ` E 


Thus, the intensity of the interference pattern is 
asin? Nó/2 _ ,sin'($ Ndsin6) 
sin? 6/2 sin^(Zd sinü) ` 
At certain values of 6, the denominator vanishes. Fortunately, the numer- 
ator vanishes at (among others) the same values of 0. The indeterminate form 
0/0 must be evaluated by studying the limit of /(@) as @ approaches one of 


these values. The evaluation is particularly simple as 0 approaches 0, where 
the sine is replaced by its argument. Thus, 


lim 1(8) = APN? (5.43) 


series sum = e 


I(0) — A (5.42) 


The denominator is 0 at other values of 6, and intuition shows that /(@) 
approaches N? 4? in those cases as well. 

If N is a fairly large number, 7(0) is large at these angles. Conservation 
of energy requires that 7(0) be relatively small at all other angles, and direct 
calculation will bear this out. 

A typical interference pattern is sketched in Fig. 5.6. The sharp peaks are 
known as principal marima and appear only when 


xdsinó = mz; m = 0,+1,+2,..., (5.44) 
or when 
mA = dsin®@ . (5.45) 


This is known as the grating equation, and m is known as the order number 
or order. 

The smaller peaks are called secondary mazima and appear because of 
the oscillatory nature of the numerator of I(0). When N > 1, the secondary 
maxima are relatively insignificant, and the intensity appears to be 0 at all 
angles where the grating equation is not satisfied. At all angles that satisfy 
the grating equation, the intensity is N?A?; it falls rapidly to 0 at other 
angles. 
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Fig. 5.6. Four-slit interference pattern 


5.4 Interference by Division of Amplitude 


Interference devices based on division of amplitude use a partial reflector to 
divide the wavefront into two or more parts. These parts are recombined to 
observe the interference pattern. 


5.4.1 Two-Beam Interference 


Here we consider two parallel faces whose reflectances are equal and small 
compared with 1. We observe the reflected wave as a function of @, as in 
Fig. 5.7. Because the reflectance is small, we need not consider multiple re- 
flections. Hence, we again have a superposition of two waves. 

To calculate the form of the interference pattern, we need the optical path 
difference between the two reflected waves. It is generally found by extending 
line CB to E. The OPD is the excess distance traveled by the second ray. It 
is therefore equal to AB + BF. Because AB and BE are equal, the optical 
path difference is the length of line EF. Thus, by trigonometry, 


OPD = 2dcos , (5.46) 


where d is the distance between the reflecting surfaces. 

The phase difference between the waves is therefore 2kd cos 9. Because the 
reflected waves have very nearly equal amplitudes A, the total reflected field 
is found by superposition to be 


Ig = 4A? cos?(kd cos 0) , (5.47) 


which are again cos? fringes. Energy is conserved, so the transmitted intensity 
Ir can be found by subtracting Jp from the incident intensity Jp. As in 
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Fig. 5.7. Two parallel surfaces with 
low reflectances 


uU 


previous examples, the reflected intensity has a maximum whenever the OPD 
is an integral multiple of the wavelength, 


mA = 2dcos@ (constructive interference) . (5.48a) 
Similarly, 
(m + 1/2)A = 2dcos (destructive interference). (5.48b) 


In this derivation, we have tacitly assumed either that the reflected waves 
suffered no phase change on reflection, or that the phase change was the 
same at each surface. In fact, neither is generally true; the phase change on 
reflection can be important when the spacing between the surfaces is less 
than a few wavelengths. 

For example, suppose the surfaces of Fig. 5.7 were the upper and lower 
faces of a block of glass, index n ~ 1.5. The intensity reflected from each 
surface is about 4% near normal incidence, so the two-beam approximation 
works fairly well. Electromagnetic theory shows, however, that the beam 
reflected from the low-to-high-index interface undergoes a phase change of 
7 on reflection, whereas the other beam does not. This phase change is ex- 
actly equivalent to an additional half-wavelength of optical path and therefore 
reverses the conditions (5.48) for destructive and constructive interference. 
With metallic and other mirrors, the phase change need not be either 0 or 7 
and causes a shift of the reflected interference pattern. 


Example 5.1. Show in the general case of a slab whose index n is greater than 
1 that 2dcos@ must be replaced by 2nd cos60', where @’ is the angle of refraction 
(inside the glass). The product nd is known as the optical thickness of the slab; 
optical thickness is a concept that is often important in interference experiments. 
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5.4.2 Multiple-Reflection Interference 


Here we have surfaces with relatively high reflectance and cannot ignore the 
effect of multiple reflections. When the number of reflections is large, we shall 
find sharp transmitted fringes, just as in the case of multiple-slit interference. 

Consider the situation of Fig. 5.8, where the viewing screen is a great 
distance away. The surfaces each reflect a fraction r of the incident amplitude 
A and transmit a fraction t. That is, the amplitude reflectance is r and the 
amplitude transmittance is t. To calculate the intensity on the screen at angle 
0, we require the amplitude and relative phase of each transmitted wave. The 
first wave has passed through two surfaces and has been twice attenuated by 
t. Its amplitude is therefore At?, and we define its relative phase at the 
observation point as 0. 

The second transmitted wave in addition suffers two reflections and a 
phase change 


$ = 2kd cos ; (5.49) 


the third, another two reflections and another phase change; and so on. The 
total field on the viewing screen is thus 


E = At? (1 + r7e7" + riot 4...) . (5.50) 
The sum of the geometric series in parentheses is 


series sum = 1/(1 — r?e ^). (5.51) 


Fig. 5.8. Interference by multiple reflections 
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The transmitted intensity Ip is the absolute square E*F of the trans- 
mitted amplitude. We may write Jr in terms of the (intensity) reflectance R 
and the (intensity) transmittance T. Because intensity is the square of am- 
plitude, R = r? and T = t?. The transmitted intensity is written after some 
manipulation as 


Ir (Lg) — Á— (5.52) 


T VM-RJ 14 Fsin? 9/2" 
where 
F = AR/(1 - RÝ. (5.53) 


Here, T is not set equal to (1 — R) to allow the possibility of absorption 
or scattering loss in the mirrors themselves. The difference between T and 
(1— R) may well be important in instruments with metal mirrors or dielectric 
mirrors with reflectances near 100 96. The factor T/(1 — R) is a constant, and 
we shall for convenience drop it hereafter and assume perfect reflectors. 

The transmittance Ir/Io is equal to 1 whenever sin? 0/2 = 0. If R is 
relatively near 1, then F is large compared to 1. Thus, the transmittance 
falls rapidly to a small value as the sine deviates from 0. 

Figure 5.9 is a sketch of Ir /Io vs $ for various values of R. Maxima occur 
when $/2 — m7, or when 


mÀ = 2dcosü, m —0,1,2,.... (5.54) 


Again, m is the order number or order of interference. For a fixed value of d, 
we will observe transmission at fixed values of 8. If the plates are illuminated 
with a range of angles, we will see a series of bright rings. On the other hand, 
if we remain at 0 = 0 and vary d, we will observe transmission at specific 
values of d only. 


It/Io 


Fig. 5.9. Multiple-reflection in- 
terference patterns 
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5.5 Diffraction 


Although the distinction is sometimes blurry, we shall say that diffraction 
occurs when light interacts with a single aperture. Interference occurs when 
several beams interact. If a screen has several apertures, we can say that 
each aperture causes a spreading of the beam by diffraction. Far from the 
screen the beams diffracted by individual apertures overlap. This results in 
an interference pattern. 

Diffraction is observed whenever a beam of light is restricted by an opening 
or by a sharp edge. Diffraction is very often important even when the opening 
is many orders of magnitude larger than the wavelength of light. However, 
diffraction is most noticeable when the opening is only somewhat larger than 
the wavelength. 

We can account for diffraction, or at least rationalize its existence, by Huy- 
gens’s construction. Today, we interpret Huygens’s construction as a state- 
ment that each point (or infinitesimal area) on a propagating wavefront itself 
radiates a small spherical wavelet. The wavelets propagate a short (really, 
infinitesimal) distance, and their resultant gives rise to a “new” wavefront. 
The new wavefront represents merely the position of the original wavefront 
after it has propagated a short distance. 

More specifically, Huygens's construction is shown in Fig. 5.10. The wave- 
front in this case is a part of a plane wave that has just been allowed to pass 
through an aperture. A few points are shown radiating spherical wavelets. 
Both experience and electromagnetic theory indicate that the wavelets are 
radiated primarily in the direction of propagation. They are thus shown as 
semicircles rather than full circles. 

The spherical wavelets combine to produce a wavefront lying along their 
common tangent. The new wavefront is nearly planar and nearly identical 
with the original wavefront. At the edges, however, it develops some curvature 
owing to the radiation of the end points away from the axis. Succeeding 
wavefronts take on more and more curvature, as shown, and eventually the 
wavefront becomes spherical. We then speak of a diverging wave. 
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Fig. 5.10. Huygens's construction 
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Double-slit interference occurs because diffraction allows the light from 
the individual slits to interact. Close to the slits, where diffraction is not 
always noticeable, interference is not observed. Only the geometrical shadow 
of the slits is seen. Far enough from the slits, when the divergence due to 
diffraction is appreciable, the diffracted beams begin to overlap. Only beyond 
this point is interference important. 

When the point of observation is far enough from the diffracting aperture, 
we can assume that the rays from the two slits to that point are parallel. This 
is the simplest case, known as Fraunhofer diffraction or far-field diffraction. 

For most diffracting screens, the observing plane would have to be pro- 
hibitively distant to allow observation of Fraunhofer diffraction. The approx- 
imation is in fact precise only at an infinite distance from the diffracting 
screen. Fraunhofer diffraction is nevertheless the important case. This is so 
because the far-field approximation applies in the focal plane of a lens. One 
way to see this is to recognize that the diffraction pattern, in effect, lies at 
infinity. A lens projects an image of that pattern into its focal plane. 

The fact can also be seen from Fig.5.11. Rays leaving the diffracting 
screen at angle 0 contribute to the intensity at a single point on the distant 
observing screen. The lens brings these rays to a point in its focal plane, 
where they contribute to the intensity at that point. 

In the paraxial approximation, all paths from the lens to the point are 
equal, so no unwanted path lengths are introduced by the lens. The same is 
true of a well-corrected lens, and a true Fraunhofer pattern is observed only 
with well-corrected (diffraction-limited, see Sect. 3.8) optics. 

Finally, we have been tacitly assuming that the diffracting screen is illu- 
minated with plane waves. If this is not so and it is illuminated with spherical 
waves originating from a nearby point source, the pattern at infinity is not a 
Fraunhofer pattern. It is nevertheless possible to observe Fraunhofer diffrac- 
tion with a well-corrected lens; it can be shown that the Fraunhofer pattern 
lies in the plane into which the lens projects the image of the point source, 
no matter what the location of the source. Illuminating with collimated light 
is just a special case. 


| 
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Fig. 5.11. Fraunhofer diffraction in 
the focal plane of a lens 
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5.5.1 Single-Slit Diffraction 


This is shown in one dimension in Fig. 5.12. We appeal to Huygens’s construc- 
tion and assume that each element ds of the slit radiates a spherical wavelet. 
The observing screen is located a distance L away from the aperture, and we 
seek the intensity of the light diffracted at angle @ to the axis. 

The center O of the aperture is located a distance r from the observation 
point P. The optical path difference between the paths from @ and from the 
element ds (at s) is ssin@, in the Fraunhofer approximation. 

The electric field at P arising from the element is 

e ik(r+ssin 0) 


dE = Ads . (5.55) 


Here, A is the amplitude of the incident wave, assumed constant across the 
aperture. We obtain the r in the denominator by realizing that the element 
is essentially a point source. The intensity from the point source obeys the 
inverse-square law, so the amplitude falls off as 1/r. We drop ssin@ from the 
denominator because it is small compared with r. We cannot, however, drop 
it from the phase term k(r--ssin 0) because very small changes of s sin 0 cause 
pronounced changes of the phase of the wavelet relative to that of another 
wavelet. 

The total field at P is the sum of the fields due to individual elements. If 
the width of the slit is b and its center, s — 0, this sum is just the integral 


e-ikr b/2 mE 
E(0) 2 A J genes (5.56) 


T —b/2 


where constant terms have been removed from the integral. The integrand is 
of the form exp(as), so the integral is easily evaluated: 


eik" 2 sin[(kbsin 0) /2] 
r ik sin 0 


E(0) = A (5.57) 


Fig. 5.12. Fraunhofer 
diffraction by a single 
opening 
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If we multiply both numerator and denominator by 6, and define 


B= shbsin 8, (5.58) 
we may write 
_ Ab ikr [sinp 
E(0) = p: (55 ) (5.59a) 
or 
lob? /sinB\? 
= — | —-— R .99b 
I(0) 2 ( 3 ) (5.59b) 


More proper analysis, based on electromagnetic theory and a two-dimensio- 
nal integration would include an additional factor of i/A in the expression 
(5.592) for E(0). 

In addition, rigorous theory predicts another factor called the obliquity 
factor whose functional form has been the subject of debate. The correct 
form is most likely cos@, though the function (1 + cos0)/2 has also been 
proposed. Both forms depend on the assumption that the plane wave remains 
planar in spite of possible distortion of the electric field inside the aperture, 
The obliquity factor is 0 in the reverse direction and explains why Huygens 
wavelets do not propagate backward. Otherwise, it is generally unimportant, 
but may have to be considered in studies of optical fibers that have small cores 
and therefore high numerical apertures (see Sect. 11.7). For our purposes, 
only the variable (sin@)/ is important, since we will generally be interested 
in relative intensities only. 

Figure 5.13 shows 7(0) vs @ for a single slit, normalized to 1. The prin- 
cipal maximum occurs when 0 approaches 0, and (sin 9)/8 becomes 1. The 
diffracted intensity is 0 at angles (except 0) for which sin 8 = 0. The first 
such zero occurs at angle 


6, — Ab, (5.60) 


where @ is assumed small. 


1(8) 


Fig. 5.13. Single-slit diffraction 
pattern 
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If the viewing screen is the focal plane of a lens, then the first minimum 
is located a distance 


RL = Af! jb (5.61) 


from the center of the pattern, which extends in the direction perpendicular 
to the edges of the aperture. Over 80% of the diffracted light falls within 
2A f' /b of the center of the pattern, and the first secondary mazimum is only 
about 5% as intense as the principal maximum. 

Similar analysis can be carried out with a circular aperture in two dimen- 
sions. The result is similar, except that the pattern is a disk, known as the 
Airy disk, with radius defined by the first zero as 


RL = 1.22Af'/D, (5.62) 


where D is the diameter of the aperture. It is the finite size of the Airy disk 
that limits the theoretical resolving power of any optical system. 
Example 5.2. Calculate the Fraunhofer-diffraction pattern of a slit whose center is 
located a distance so away from the axis of the system. Show that the result is iden- 
tical with (5.59a) multiplied by a complex-exponential function, exp(—ikso sin 6). 
Show further that the intensity is identical with (5.59b) and is centered about the 
angle 0 — 0. 

This result applies only to Fraunhofer diffraction and therefore presumes that 
so < L,r. The argument kso sin 0 of the complex exponential function is a phase 
factor that results from the shift of the aperture. 


5.5.2 Interference by Finite Slits 


Earlier, we noted that division-of-wavefront interference occurs because light 
is diffracted by the individual apertures. This implies, for example, that the 
interference pattern will vanish in those directions in which the diffracted 
intensity is 0. Similarly, the pattern will be strongest in those directions where 
the diffracted intensity is greatest. If the slits are identical, this implies that 
the diffraction pattern with finite slits should be given by 


(interference pattern) x (diffraction pattern of single slit) , (5.63) 


where “interference pattern” refers to the pattern derived with infinitesimal 
slits. It is possible to verify this relation by direct integration over an aperture 
consisting of several finite slits. 

The significance is mainly for multiple-slit interference. As we shall see in 
Chap. 6, a diffraction grating may well have slits whose widths are about equal 
to their spacing. Figure 5.14 shows the diffraction pattern in such a case. The 
dashed line is the diffraction pattern of a single slit, and the various orders 
of interference are indicated as peaks. Zero-order diffraction is of no interest, 
but the first and higher orders are weak because very little light is diffracted 
into their directions. Occasionally a principal maximum will fall so close to 
the diffraction minimum that it is barely detectable. In this case we speak of 
a missing order. 
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' Fig. 5.14. Multiple-slit interfer- 
ence with finite slits 


I (0) 


5.5.3 Fresnel Diffraction 


Fresnel diffraction by an aperture refers to the general case, in which either 
the aperture is not illuminated by a collimated beam or the diffracting screen 
is not distant compared with the size of the aperture. Diffraction by a single 
straight edge is always Fresnel diffraction. 

In this section, we discuss only enough Fresnel diffraction to allow un- 
derstanding of the zone plate, an imaging device that is interesting partly 
because of its similarity to a hologram. 

We begin with Fresnel's construction, Fig.5.15. A point source P illumi- 
nates a large aperture centered at O a distance a away. We seek the intensity 
at P', a’ way from O. 

Consider a point Q in the aperture, located where OQ — s. Light travels 
from Q to P' because of diffraction (see Huygens's construction). We take 
s «& a, a'. PQ differs from PO by 6, whereas P'Q differs from P'O by ó'. 6 is 
related to a and s by 


a? +s” = (a-- 6) . (5.64) 


Because s is small, 6 is small. We may thus expand the square and drop the 
term 67, giving 


Fig. 5.15. Fresnel's construc- 
a(-) o a tion 


5.5 Diffraction 121 


ô = s?/2a , (5.65) 


which is known as the sag formula. (The sag is actually the perpendicular 
distance from Q to the circle, but for small angles the sag is nearly equal to 
6.) The sag formula similarly relates ó', a’, and s. The total path difference 
A(= ó' + 6) between PP’ and PQP” is thus 


2 2 

S 8 
A = — +. 5.66 
2a' 2a ( ) 
Fresnel’s construction consists of defining radii s1, 52, 83, ... , such that 


A, =A/2, Ag = 2A/2, As = 3A/2, ..., or, more generally, Am = mA/2. The 
annuli defined by two successive radii are Fresnel half-period zones, named 
so because the field arising at P^ from one annulus is, on the whole, x out of 
phase with the field from the neighboring annulus. 

The radii are easily found from the formula 


mA s /1 1 
wu cr (s + 3 ene 


to be proportional to square roots of integers, 
Sm X vm . (5.68) 


The area of any annulus is 


Sin = 782, — 182, 4, (5.69) 
which can be written 
aa’ 
Sm = Eu" ; (5.70) 


independent of m or s. For a given geometry, the areas of all the Fresnel zones 
are equal. Thus, each zone contributes approximately the same amplitude as 
every other zone to the field at P’. 

Suppose the aperture to be a circle with exactly N zones. Because the al- 
ternate zones contribute fields that are out of phase by 7, the total amplitude 


at P' is 
Ap = A; ~ Ag+ Az — Ao E AN. (5.71) 


The sign of Ay depends on whether N is odd or even. If N is odd, alternate 
zones cancel, but one zone is unpaired. In that case, Ap; is about equal to 
the amplitude A, contributed by the first zone alone. On the other hand, if 
N is even, Ap: is nearly 0. Therefore, the intensity Jp: at P’ varies between 
0 and /,(— A7), depending on the precise geometry. 

We may construct a Fresnel zone plate by blocking either the even- 
numbered or the odd-numbered zones (Fig.5.16). Suppose we have chosen 
to block the even zones. Then, 
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Fig. 5.16. Fresnel zone plate. [Figure cour- 
tesy of M.W. Farn, MIT Lincoln Laboratory] 


Ap: = Ay + Aa +- ÁN , (5.72) 
which is approximately 

Ap = NA,/2, (5.73) 
where N/2 is the number of unobstructed zones. Squaring, we find 

Ip = N71, /4, (5.74) 


an increase of (N/2)? over the contribution from the first zone alone. (N/2 
is the total number of clear zones.) 
Finally, we may write, from the equation for the radii Sm, 


] 1 mA 


— += se, 5.75 

o' ast ( ) 
or, since Sm X m, 

1 1 1 

—L———. 5.76 

aa 83 /X eg) 


Now we change the sign of a because it is an algebraically negative quantity 
(see Chap. 1) and find that 


1 ] 1 

ea A (5.77) 
This is the lens equation, with focal length 

F=f, (5.78) 


and shows that P’ is the image of P. A zone plate is thus an imaging device 
whose focal length depends on wavelength and on the geometry of the zone 
plate. Fainter images correspond to 1/3, 1/5, ... of f' because, for example, 
at f'/3 a single Fresnel zone includes exactly three rings. This gives rise, less 
efficiently, to a secondary focus. 
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We could have used precisely the same arguments, had we chosen P’ to 
the left of O, rather than to the right. This fact indicates that each zone plate 
has'a series of negative foci in addition to the positive foci. Because of these 
negative foci and because of zero-order or undiffracted light, the zone plate is 
only about 1/10 as efficient as a lens in bringing light to the primary focus. 
In addition, a zone-plate image of an extended object will have low contrast 
because of glare caused by the additional, out-of-focus diffracted orders. 

Finally, zone plates may be designed with other patterns besides bright 
and dark annuli. For example, they may have a sinusoidal variation of trans- 
mittance or of phase. A zone plate based on phase variation can achieve 
substantially higher efficiency than a Fresnel zone plate. See Sects. 7.1.2 and 
7.1.3. 


5.5.4 Far and Near Field 


We have defined Fraunhofer or far-field diffraction as that which is observed 
whenever the source and observation plane are very distant from the diffract- 
ing screen. If the diffracting screen is close to either the source or the obser- 
vation plane, Fresnel or near-field diffraction may be observed. We are now 
in a position to distinguish more precisely between these two cases. 

Consider a diffracting screen whose greatest overall dimension is 2s. If 
the source is located at oo, then the diffracting screen will fall within a single 
Fresnel zone when the observation point is located a distance s?/A beyond 
the screen. If the observation point is moved closer than s?/A the screen will 
occupy more than one Fresnel zone. This is known as the region of near-field 
diffraction. 

In the same way, if the observation point is moved beyond s?/A, the 
screen occupies less than one Fresnel zone. This is the region of far-field or 
Fraunhofer diffraction. In this region, all points on the screen are equidistant 
from the observation point, to an accuracy of less than A/2. This corresponds 
closely to our assumptions when we derived the diffraction pattern of a slit. 

The simple pinhole camera can be used to illustrate near- and far-field 
diffraction. The pinhole camera is a small hole punched in an opaque screen, 
with a viewing screen located at a distance f' beyond the hole. When the 
hole is very large, the image of a distant point is the geometrical shadow of 
the opaque screen. The diameter of the image is thus equal to the diameter 
of the pinhole. The limit of resolution in the image plane is about 1.5 times 
larger. When the hole is small, Fraunhofer diffraction applies, and the limit of 
resolution is 0.61A f' /s, where s is the radius of the pinhole. For intermediate- 
size holes, Fresnel diffraction applies, and little can be said without detailed 
calculation. 

If we express the resolution limit in units of s and the focal length in 
units of s?/A, the previous arguments result in the solid lines in Fig. 5.17. The 
horizontal line corresponds to geometric optics (large hole) and the slanted 
line to Fraunhofer diffraction (small hole). 
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Fig. 5.17. Resolution limit of pin- 
hole camera, illustrating regions of 
near- and far-field diffraction. Inset: 
Same data on scale of 0-7. [After M. 
Young: Am. J. Phys. 40, 715 (1972), 
Appl. Opt. 10, 2763 (1971)] 
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Experimental measurements, indicated by dots, show that Fraunhofer 
diffraction accurately describes the pinhole camera for focal lengths f" greater 
than s*/A. Thus, Fresnel diffraction corresponds to f’ € s?/A. 

When the hole is very large, the outermost Fresnel zones may become very 
small compared with the minute imperfections in the edges of the pinhole. 
When this happens, diffraction effects are washed out by the irregularity of 
the diffracting screen, and geometric optics adequately describes the propa- 
gation of light through the aperture. Thus, geometric optics is adequate when 
f! « s?/A. 

We may extend these arguments to the case of a relatively nearby source 
by looking back to the treatment of the Fresnel zone plate. If the source is 
located a distance a before the screen, and the observation point a distance 
a’ beyond, we can still define the quantity 

1 1 1 

p" a (5.79) 
for the system. As before, whenever f' » s?/A, Fraunhofer diffraction applies; 
whenever f’ < s?/A, Fresnel diffraction applies; and whenever f' < s?/A, 
diffraction effects may be unimportant. 

In sum, light does not acquire a beam divergence ~ A/D immediately after 
passing through an aperture (unless the size of the aperture is comparable to 
the wavelength). Rather, it first propagates through the aperture and casts a 
geometrical shadow near the aperture. Farther away, it displays a near-field 
diffraction pattern and, in the case of a circular opening, actually comes to 
a weak focus a distance s?/A beyond the aperture. Only past s?/A do we 
observe a beam divergence 1.22A/D. Well beyond s?/A a true Fraunhofer 
pattern is observed (Fig. 5.18). 

Finally, we stress the point that these arguments do not apply only to the 
pinhole camera or to the case of the circular aperture, but to any diffracting 
screen whose greatest overall dimension is 2s. 
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Fig. 5.18. Propagation of col- 
limated beam past an aper- 


s/h 
diis | ture. [After M. Young: Imaging 
without lenses or mirrors, Phys. 


"id 0.61 Ws Teacher, 648-655 (Dec. 1989)] 


far-field diffraction 
near-field diffraction 


5.5.5 Babinet's Principle 


Consider a diffracting screen that is made up of a number of separate, not 
necessarily identical slits. The Fraunhofer diffraction pattern E produced by 
that screen is described by integrating (5.55) over the clear portions of the 
diffracting screen. 

Now define the complementary screen as that screen that is opaque wher- 
ever the original screen is transparent, and vice versa. In the language of pho- 
tography, the complementary screen is the negative of the original screen. The 
diffraction pattern E» of the complementary screen is described by integrating 
(5.55) over the clear portions of the complementary screen or, alternatively, 
over the opaque portions of the original screen. 

If we form the sum E, + E>, we find that it is equal to the amplitude Ep 
of the unobstructed wave, because E; + E» represents integration over the 
entire plane. 

This is Babinet’s principle; it has its greatest utility in the calculation 
of Fraunhofer-diffraction patterns. In that case, Eo = 0 everywhere except 
where 0 = 0. Therefore, E2 = —E;, except where 0 = 0. If we square E, and 
E» to find the intensities, we find that 7; = Jj. The Fraunhofer diffraction 
patterns of complementary screens are identical, except for a small region 
near the axis of the system. 


5.5.6 Fermat's Principle 


We have just seen that a zone plate focuses light by ensuring that the optical 
paths through different points on the zone plate either are equal or differ 
by multiples of one wavelength. This is an opportune time to examine the 
imaging properties of lenses from the same point of view. 

To simplify the discussion, we use Fig. 5.19 for a “len” with the object 
point at oo. The optical path from the vertex O of the “len” to the secondary 
focal point F' is nf’, where, according to the “len” equation, f' = nR/(n—1). 
We want to compare nf’ with the corresponding optical path length from Q' 
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Fig. 5.19. Imaging by a “len”. Fermat's 
principle 


through Q to F'. According to the sag formula, QQ’ = y?/2R, so the total 
optical path length QQ'F' is 


(y? /2R) + nd , (5.80) 
where d is related to R and y through the equation 
d? zy (f - (^/2RÓ? (5.81) 


If we use the “len” equation to write R in terms of f', drop terms of order 
y^, rewrite d as 


d& f'[1 - y?/f"^(n — 1)? , (5.82) 
and use the binomial expansion, 
(1 - r)! +1-2/2, (5.83) 


when x < 1, we find that the optical path length between Q' and F’ is 
just equal to nf’, irrespective of the value of y. That is, in the paraxial 
approximation, all optical paths from the object point to the image point are 
equal. 

Since a lens is merely a sequence of spherical refracting surfaces, the 
statement is true in general. Thus, in a sense, all imaging is a result of inter- 
ference, just as in the more obvious case of the zone plate. In fact, when the 
paraxial approximation is invalid and the optical path depends slightly on 
y, aberrations result. Aberrations are sometimes measured by determining 
the wavefront aberration, or the deviation of the wavefront emerging from 
the exit pupil from a perfect sphere centered at the image point. When the 
wavefront aberration is less than A/4, the image is very nearly diffraction 
limited. 

Certain optical systems project images by means of an index of refraction 
that is a smoothly varying function of position. These systems are often most 
easily analyzed by requiring that all optical paths from object point to image 
point be equal. We shall later determine the properties of an optical fiber 
with such a development. 
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Finally, this discussion is a special case of Fermat’s principle, which states 
that, if a light ray propagates between two points, then the optical path it 
follows is an extremum; that is, it is either the minimum or the maximum 
possible optical path between the two points. Many systems that employ a 
varying index of refraction are most easily analyzed through application of 
Fermat's principle. 


5.6 Coherence 


Until now, we have almost always assumed light to be completely coherent, 
in the sense that any interference experiment resulted in high-quality inter- 
ference fringes. In general, the assumption is incorrect, except with certain 
laser sources; the light from most sources is said to be incoherent or partially 
coherent. 

When conditions are such that the light is incoherent, it is not possible to 
detect interference effects. A discussion of wave optics is incomplete without 
considering the conditions that must exist for an interference experiment to 
be performed successfully. 

Light sources are today put into one of two categories, laser sources and 
thermal sources. A typical thermal source is a gas-discharge lamp. In such 
a lamp, light is emitted by excited atoms that are, in general, unrelated to 
each other. Each atom emits relatively short bursts or wave packets. If an 
atom is excited several times, it can emit several consecutive wave packets. 
These packets are generally far apart (compared with their duration) and are 
emitted randomly in time. The packets emitted by a single atom therefore 
bear no constant phase relation with each other. 

Suppose we try to perform interference by division of amplitude 
(Fig.5.20) with the packets emitted by a single atom. The wave reflected 
from the second surface is delayed with respect to the first because of the 


Fig. 5.20. Temporal coher- 
ence: interference of waves that 
have finite duration 
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finite speed of light. If the delay is greater than the duration of the wave 
packet, the two reflected packets will not reach the detector simultaneously. 
There will therefore be no interference pattern, and we would compute the 
intensity at the viewing screen by adding the intensities (not amplitudes) of 
the reflected waves. The light is said to be incoherent for the purpose of this 
experiment. 

This statement would be true even if the wave packets were emitted so 
rapidly that several packets entered the apparatus at the same time. (In 
this case, the light would undergo rapid amplitude and phase fluctuations.) 
Because the packets are emitted at random, they bear no definite phase 
relation. We would sometimes detect a maximum and sometimes a minimum 
for any given OPD. Over the long term, we would observe constant intensity 
and would regard the light as incoherent. 

Similarly, the waves from one atom bear no definite relation with the 
waves from any other atom. By precisely the same reasoning, we conclude that 
the light emitted by one atom is incoherent with that emitted by any other 
atom. Superposition of the waves from different atoms or different points on 
the same source is therefore described by adding intensities, not amplitudes. 

In the following sections, we make these arguments more quantitative and 
find the conditions under which a given thermal source may be considered 
coherent. 


5.6.1 Temporal Coherence 


We begin by examining the interference resulting from two parallel reflecting 
surfaces separated by d and approximately perpendicular to the incident 
light. We found earlier that constructive interference would occur for values 
of d such that mA = 2d. We take the reflectance low enough that cos? fringes 
result. 

Suppose now that we regard A as only one wavelength of a nearly 
monochromatic beam whose spectral width is AA, where AX < À. Each in- 
finitesimal wavelength interval within AA gives rise to its own interference 
pattern; we assume these wavelengths to be incoherent with one another. 
The net interference pattern is therefore the sum of a great number of cos? 
patterns. 

At some optical path difference 2d, one extreme wavelength will exhibit a 
maximum, whereas the other extreme exhibits a minimum. This is so because 


mA x: m(A + AA) , (5.84) 


when m > 1. 

At this value of 2d, therefore, the fringes will be completely washed out, 
and the intensity will be constant. 

If we call A the extreme wavelength that has a maximum at 2d, then 


mA =OPD, (5.85) 
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as above. If the other extreme A + AA has a minimum for the same value of 
OPD, then 


es j^ + AA) = OPD. (5.86) 
If we subtract one equation from the other, we find 

j^ + Ad) = mAA. (5.87) 
We may drop AA from the left side and use (5.85) to find 

OPD € A*/2AA. (5.88) 


We will thus observe fringes only if OPD is less than this value. We therefore 
define the coherence length le as 


c = A? /2AA . (5.89) 


We may rewrite this expression in terms of frequency. We start with the 
relation 


VÀ =c (5.90) 
and differentiate both sides, with c constant. The result is best expressed as 

Av/v = AX/A (5.91) 
with no regard to the signs of Av and AX. The coherence length is thus 

l.=c/2Ap . (5.92) 
This suggests we define coherence time te by 

f= ct, (5.93) 
so 

te = 1/2Av. (5.94) 


A more precise analysis integrates the individual cos? fringes over the 
proper lineshape and shows that 


te = 1/Aw (5.95) 


where Aw = 27Av refers to the full width of the line at the half-intensity 
points. 

We may interpret this result by suggesting that the continuous bursts 
or wave packets emitted by the atoms have a duration about equal to te. 
The phase will vary abruptly between one packet and another, later one, so 
interference can be observed only when the optical path difference is less than 
the length of a single packet. 
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When the optical path difference is close to 0, the fringes will have high 
contrast. The contrast gradually diminishes after the optical path difference 
exceeds l.. When the fringes have high contrast, the light is said to be highly 
coherent. Light may be assumed to be highly coherent when 


OPD < le. (5.96) 


The light is incoherent when the optical path difference greatly exceeds |, 
and partially coherent for intermediate values of the optical path difference. 


5.6.2 Spatial Coherence 


Here we begin with a double-slit experiment. We consider an extended, 
monochromatic source that subtends a small angle A6 at the diffracting 
screen. As in the case of temporal coherence, each infinitesimal portion of 
the source gives rise to a cos? pattern. We assume that the patterns add 
incoherently because they must be derived from different radiating atoms 
within the source. 

The infinitesimal source on the axis produces interference maxima at an- 
gles 0 such that mA = dsin 6, and the first maximum off the axis occurs at 
angle A/d in the small-angle approximation. A second infinitesmal source off 
the axis by Aó produces the same interference pattern shifted by Ad. The 
patterns will effectively nullify each other when a minimum of one occurs at 
the same angle as a maximum of the other, which happens when 


Ad = A/2d . (5.97) 


If the source subtends an angle greater than A/2d, the light reaching the 
screen is incoherent. If we let 6 be the source dimension and L its distance 
from the screen, we may write 


d = AL/26 . (5.98) 


The value of d roughly delineates the coherence area of a source whose dimen- 
sion is 6 and whose distance from the screen is L. (The coherence area itself 
is equal to md?/4 with circular symmetry or d? with rectangular symmetry.) 
As with temporal coherence, the fringes have good contrast when the slits are 
close together, and the contrast diminishes as the slit separation approaches 
AL/26. Beyond this value the light is, essentially, incoherent. More rigorous 
analysis shows that the region of high coherence extends to a slit separation 
of 


d, = 0.16AL/6 , (5.99) 


and this value d, is usually said to delineate the coherence area of the source. 
The light reaching the two slits is nearly incoherent when d exceeds AL/26 
and partially coherent for intermediate values of d. 
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5.6.3 Coherence of Thermal Sources 


We therefore see that any thermal source can be made to achieve any desired 
degree of spatial or temporal coherence by limiting its extent with a pinhole 
or its wavelength range with a filter or monochromator. Both operations are 
costly in the sense that the coherent source is made extremely dim. 

A single-mode laser, on the other hand, emits a beam that is almost 
completely coherent in space and time. This is one factor that has made the 
laser such an important advance in optics. (See “Coherence of Laser Sources”, 
Sect. 8.3.) 


5.6.4 Coherence of Microscope Illumination 


In a microscope, the spatial coherence area may be adjusted by adjusting the 
numerical aperture of the condensing lens (Sect. 3.8.4). The condensing lens 
is filled with light, and, for analyzing the coherence of the light in the plane of 
the object, we may regard the condensing lens as the source. As we have just 
seen (Sect. 5.6.2), if the source subtends a large angle, it may be considered a 
spatially incoherent source; if it subtends a small angle, it is spatially coher- 
ent. The angular subtense of the condensing lens is, approximately, twice its 
numerical aperture. Therefore, if the numerical aperture of the condensing 
lens is small, the illumination in the microscope is spatially coherent or, at 
least, has a high degree of spatial coherence. 

More rigorous analysis shows, in fact, that the light may be considered 
coherent, only if the numerical aperture of the condensing lens is less than 
one-tenth that of the objective lens (Problem 5.19). This is so because, then, 
the dimension d, of the coherence area is greater than the resolution limit 
of the objective lens. Within each resolution limit, the lens effectively sees 
a single coherent source. Because the intensity at any point is influenced 
almost entirely by the illumination at other points within a few resolution 
limits, light whose coherence area is greater than a few resolution limits in 
diameter is effectively coherent. 

Conversely, the illumination is largely incoherent — that is, has a small 
coherence area as defined by (5.99) - if the numerical aperture of the con- 
densing lens is much greater than that of the objective. This is so because, 
now, d. is much less than the resolution limit of the objective. Within each 
resolution limit, the lens now sees an array of many sources that are incoher- 
ent with each other; this is exactly what we mean when we say that a source 
is incoherent. Since the numerical aperture of a high-power objective typi- 
cally exceeds 0.5, the condenser's numerical aperture usually cannot greatly 
enough exceed that of the objective, and the light in most microscopes is only 
partially coherent. 

For certain quantitative measurements, such as an absolute measurement 
of the width of a line on an integrated circuit, the coherence of the illumina- 
tion must be precisely controlled so that the edges of the line may be located 
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precisely; for this application, the illumination is usually made highly coher- 
ent, so that the position of the edge may be associated with a particular 
intensity; see Sect. 7.4.5. Reducing the numerical aperture of the condensing 
lens reduces the irradiance greatly, however, so it is often preferable to use 
partially coherent illumination and account for the resulting error by acquir- 
ing an accurate calibration standard. In addition, the resolution limit of a 
microscope (or any lens system) is smallest when the light is nearly incoher- 
ent (Sect. 5.7). 


5.7 Theoretical Resolution Limit 


Any treatment of the theoretical resolution limit naturally follows from the 
discussion of diffraction by an aperture. We have deliberately postponed this 
topic, however, until after our discussion of coherence. In this section, we 
shall consider resolution not only in systems with incoherent illumination, 
but also in systems using the highly coherent radiation that may be emitted 
by a laser. 


5.7.1 Two-Point Resolution 


Consider the optical system of Fig. 5.21. The object consists of two incoherent 
points of equal radiometric intensity. The optical system is diffraction limited 
in that the images of the points are almost exactly Fraunhofer diffraction 
patterns of the aperture. 

When the points are very far apart, the diffraction patterns are likewise 
far apart, and we can resolve the points clearly. As the points are moved 
together, the diffraction patterns, having finite extent, begin to overlap. When 
the overlap is sufficiently great, the points become unresolved. 

We now address the problem of finding the resolution limit of the two 
images. This refers to the smallest separation between the two diffraction 
patterns that will allow us to distinguish the two points. Usually, we apply 
the Rayleigh criterion, which states that the points are just resolved when 
the maximum of one diffraction pattern coincides with the first minimum of 
the other. This situation is shown in Fig. 5.22. 
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Fig. 5.21. Two-point reso- 
lution 
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l Fig. 5.22. Rayleigh crite- 
rion 
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When the object is illuminated incoherently, the total intensity at any 
point is the sum of the individual contributions. When the points are sep- 
arated as specified by the Rayleigh criterion, the intensity dips about 20% 
between the two maxima. When they are closer, the intensity dips less than 
20%, and we say the points are not resolved. 

Thus, two image points are just resolved when their separation (more 
precisely, that of their geometrical images) is equal to the radius of the Airy 
disk. That is, 


RL! = 1.22Af'/D (5.100) 


is the resolution limit for lenses with circular symmetry. RL’ is often known 
as the Rayleigh limit. It is extremely iia to resolve points or lines finer 
than the Rayleigh limit. 

We have discussed the effect of the theoretical resolution limit on optical 
systems in Sect. 3.8. For a brief discussion of aberration-limited lenses, see 
Sects. 2.2.12 and 2.2.13. 


5.7.2 Coherent Illumination 


Resolution in coherent light is complicated by the fact that we must consider 
two cases, separately. First, let us coherently illuminate an object that does 
not diffuse or scatter light. Such an object must be viewed either in trans- 
mission or by direct reflection; otherwise light from the object does not enter 
the eye. This is the case known as specular illumination. 

As before, we consider a two-point object. Because the points are illu- 
minated coherently, we must add the amplitudes of the diffraction patterns, 
rather than the intensities, and then square to find the total intensity. We 
shall assume the object points to have very nearly the same phase, because 
they are close together and the object is smooth. 

Figure 5.23 shows the intensity diffraction pattern calculated for two co- 
herently illuminated points separated by 1.3, 1.6, and 1.9 times A/D, subject 
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Fig. 5.23. Diffraction images 
of two adjacent, coherently illu- 


minated points. Separations be- 
tween the geometric images are 
l 1.3, 1.6, and 1.9 times A/D 
0 A/D 


(0) 
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to the assumption that they are illuminated with the same relative phase. 
In the first case, there is virtually no dip at all between the geometric-image 
points, so the points are not resolved. We therefore move them apart until 
there is a significant dip. Following the result of the calculation for incoher- 
ent points, we may call the separation for which the intensity dips 20% the 
coherent resolution limit RL;. Figure 5.23 shows that the diffraction pattern 
has a 20% dip when the image points are separated by 


RL! = 1.6Af'/D (5.101) 


for the case of circular symmetry. 

RL’, is slightly greater than the incoherent resolution limit RL’. In a 
way, this comes about because the amplitude diffraction pattern displays a 
secondary maximum 20% as strong as the principal maximum, as opposed 
to 4% for the intensity diffraction pattern. Thus, the radius of the diffraction 
pattern (and hence of the image of a point) is effectively larger in coherent 
light than in incoherent. 


5.7.3 Diffused, Coherent Illumination 


When the object is rough and diffuses or scatters light like ground glass, the 
situation is changed by the existence of a speckle pattern. The speckle pattern 
arises because the object is locally very rough and causes a random phase 
to be superimposed on the amplitude distribution of the coherent wave. The 
speckle pattern is a sort of diffraction pattern of a random diffracting screen 
and is thus a random distribution of intensity. 

One of the most useful and straightforward ways to describe the speckle 
pattern is to think of a relatively coarse diffraction grating. The grating is so 
coarse that the principal maxima are separated by small angles. 

Suppose we take two such gratings and locate them in the same plane, 
but align the grooves perpendicular to one another. If we illuminate the 
gratings coherently and project the diffracted light into the focal plane of 
a lens, we will observe a rectangular array of bright spots, corresponding 
to the principal maxima of the gratings. If the gratings are coarse enough, 
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the spots are very close together, and the light diffracted from the gratings 
may be used for diffuse illumination. A screen made in this way is called a 
nonrandom diffuser. 

Later on (Sect.6.1) we shall calculate the chromatic resolving power of 
a diffraction grating. We will find there that the principal maximum that is 
diffracted in a given direction @ is, in fact, diffracted into a small range of 
angles surrounding 0. The angular width or divergence A@ of the diffracted 
light is 


A0 = A/NdcosÓ , (5.102) 


where N is the total number of rulings on the grating and d is the distance 
between rulings. 

Similarly, the light scattered by a (square) nonrandom diffuser is diffracted 
into cones whose angular width is A0. If we focus the scattered light with a 
lens, we will therefore observe spots whose radius RL’ is roughly the product 
of A0 and the focal length f', 


RL' = Af'/Ndcos8 . (5.103) 


Now assume for simplicity that the diffuser is placed directly before the 
lens. Then the product Nd, which is the total width of the grating, is to all 
intents equal to the diameter D of the lens. Thus, the spots in the focal plane 
are characterized by a dimension 


RL' = A f'/D cos6 . (5.104) 


The result is independent of the period d of the gratings. Further, when 
cos@ ~ 1, the spots are about equal to the resolution limit of the lens, as- 
suming rectangular symmetry. For circular symmetry, we would expect the 
spot radii to be about equal to the Rayleigh limit, and, as above, dependent 
only on the F-number of the lens and the wavelength of light. 

Finally, the intensity in the focal plane is the Fraunhofer diffraction pat- 
tern of the diffuser. The radius of the spots does not depend on the location 
of the screen with respect to the lens, but is generally equal to RL’. 

We are now in a position to discuss the speckle pattern that appears in 
the image of a random diffuser. To do so, we must conceptually construct 
the random diffuser from the nonrandom diffuser. The nonrandom diffuser is 
made of crossed gratings. This is equivalent to a rectangular array of holes. 
To randomize the diffuser, we merely place a small phase plate before each 
hole. These plates are thin, transparent lamellae whose optical thicknesses 
are chosen randomly to randomize the phases of the waves emerging from 
the openings. Their use so radically alters the wavefront emerging from the 
diffuser that the regular array of spots in the focal plane of the lens is trans- 
formed to an irregular, random array of bright and dark patches known as 
speckles. 
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The diameter of a speckle may be defined as the distance between its 
half-power points, or approximately the resolution limit of the lens. However 
greatly the spots may be distorted, the average size of the speckles remains 
equal to the resolution limit of the lens, and this is true no matter what the 
details of the random diffuser. For finite conjugates, f’ must be replaced with 
l' in the preceding equations. 

A second approach to the properties of a random diffuser may be helpful. 
We begin by assuming that a lens projects a real image of a coherently illu- 
minated diffuser. We consider the intensity at a given point, say the center of 
a bright speckle. The speckle is bright because a great number of waves from 
neighboring object points happen to interfere constructively at that point. 
The image of any object point is a diffraction pattern that is significant only 
over a region whose radius is about equal to the Rayleigh limit. For coherent 
light, we may take the extent of the diffraction pattern to be about RL‘. We 
therefore conclude that only geometrical-image points within a radius about 
RL’! can contribute significantly to the intensity at the center of the speckle. 

If the intensity at a point is great, it is because the relative phases of 
the waves arriving at neighboring points were all about the same. The inten- 
sity will be high at another nearby point because many of the same waves 
contribute to the intensity at that point as well. On average, therefore, the 
intensity will be great over an area whose radius is about RL;. The average 
speckle radius is about equal to that of the Airy disk or a little larger. 

Because of the random phases, the speckles are not round, but very ir- 
regular. À great many are much larger than the Airy disk, and, as a result, 
the presence of the speckles degrades resolution considerably. In addition, the 
speckles give the image an unsightly appearance. 

Figure 5.24 compares the imagery in incoherent, specular-coherent, and 
diffuse-coherent illumination. All photographs were exposed with the same 
relative aperture or F-number. The series on the left shows a standard, three- 
bar target, whereas that on the right depicts a target made from an op- 
tometrist's tumbling-E chart. The latter target was chosen to explore the 
difficulty of recognizing a pattern, rather than simply resolving bars. Ex- 
amination of such photographs reveals that in certain cases the presence of 
speckles effectively increases the resolution limit to 5 times the Rayleigh limit 
or more. 

Sometimes, coherent light will be shone onto a diffuser and scattered 
onto a second surface, such as a detector, with no intervening lens. Then the 
diameter of the speckle is approximately 1.6A/'/ D, where l’ is the distance 
from diffuser to detector and D is the diameter of the illuminated area of the 
diffuser. If the detector is not at least an order of magnitude larger than the 
speckles, substantial noise may result from relative motion of the components 
or changes of the structure of the laser beam. 
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Fig. 5.24a-f. Imaging in coher- 
ent and incoherent light. Top, 
incoherent illumination. Center, 
diffused, coherent illumination. 
Bottom, specular, coherent illu- 
mination. [After M Young et al: 
J. Opt Soc. Am. 60, 137 (1970) 


5.7.4 Quasi- Thermal Source 


When the intensity or monochromaticity of a laser is required, but the light 
must be spatially incoherent, a laser may be shone onto à moving diffuser. 
Typically, a small portion of a rotating ground-glass screen is illuminated by 
the laser and is in turn used as the source for the optical system. Speckles 
are formed by the diffuse reflection from the ground glass, but they are not 
stationary because of the motion of the glass. As long as the speckles move 
fast enough, the images seen, for example, in Fig. 5.24c and d become aver- 
ages of many different speckle patterns. Here, fast enough means that the 
speckle pattern must shift by a few times the average speckle radius within 
one integration time of the detector — about 30 ms for the human eye or à 
typical video camera. Then, the imagery becomes identical to partially co- 
herent imaging and depends only on the diameter of the illuminated area 
of the ground glass. A source made by spinning a diffuser is often called a 
quasi-thermal source because its imagery is identical to that produced by a 
thermal source with the same dimensions. 
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Problems 


5.1 Wavelength and Spatial Coherence. Consider a double-slit experiment 
performed with an infinitesimal source and slits, but where the source has 
wavelengths A, and Az. Show that interference will not be observed in order 
m, when AA/A = (1/2m) where AA = Az — Ay. Under what conditions would 
we say the source was completely incoherent? 


5.2 Suppose that two waves have the same amplitude A, but that they differ 
in angular frequency by Aw. They are in phase at time t = 0. Using complex 
exponential notation, find the intensity of the two waves at time t. Explain the 
result physically. Examine the result and just write down the answer to the 
analogous problem, in which the waves differ in wavenumber by Ak. That 
is, deduce the intensity resulting from waves with different wavenumbers, 
assuming that they were in phase where z = 0. 


5.3 (a) A Fresnel biprism is an isosceles prism with one obtuse angle that is 
nearly 180° and two acute angles that are only a few degrees. A distant point 
source illuminates the base of a Fresnel biprism at normal incidence. Find 
the two-beam interference pattern that falls onto a distant screen in terms of 
the distance L between the source and the screen and the acute angle a and 
index of refraction n of the prism. (Use the approximation that sin@ = 0 for 
small angles.) 

(b) Lloyd’s Mirror. A point source illuminates a horizontal glass plate at 
nearly grazing incidence, so the reflectance is nearly 1. Find the intensity as 
a function of height h along a vertical screen a distance L from the point 
source. Assume that h < L. 


5.4 Show analytically that (5.43) is true at all values of 0 for which mA = 
d sin 0. 


9.5 Calculate the intensity (as a function of phase difference ¢) of two beams 
whose amplitudes A, and A» are small but not equal. Express the result as 
cos? fringes. (It is about as easy to use trigonometric formulas as to do the 
problem any other way.) As a check, show that your result reduces to the 
right result when the reflectances are equal. What are the maximum and 
minimum values of the overall intensity? 


5.6 (a) Calculate the maxima and minima of a coating whose optical thick- 
ness is nd and whose index of refraction n is less than the index of refraction 
ng of the glass substrate. 

(b) Sketch the reflectance as a function of the parameter A/4nd. [Note: A 
half-wave layer is equivalent to a layer of zero thickness in that the reflectance 
of such a layer is equal to that of the bare glass. A half-wave layer is sometimes 
called an absentee layer.| 

(c) Sketch the reflectance of a layer that has n > ng. 
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5.7 (a) Consider the Fraunhofer diffraction pattern of a single slit. Show that 
(the optical path between the center of the slit and the first minimum) differs 
from (the optical path between one edge of the slit and the first minimum) 
by one-half wavelength. Explain. 

(b) A circular hole with radius s is cut into an opaque screen. Collimated 
light falls onto the screen at right angles to it. A viewing screen is located a 
distance D?/A (= 4s?/A) beyond the hole. Consider a ray that originates on 
the edge of the hole and intersects the viewing screen on the axis of symmetry 
of the opaque screen. Show that the optical path difference between that ray 
and the axial ray is 4/8. What would be the optical path difference in the case 
of true Fraunhofer diffraction? What is the significance of the distance D? /A? 
(It may be prudent to use D?/\ rather than s?/A for the far-field distance 
when the exact intensity profile rather than width or general appearance of 
a diffraction pattern is needed.) 


9.8 Show by direct integration that the interference pattern produced by a 
grating with identical, finite slits is equal to the interference pattern produced 
by a grating with infinitesimal slits multiplied by the diffraction pattern of a 
single slit. 


5.9 (a) What is the radius s,, of the largest Fresnel zone plate that can be 
made on photographic film whose resolution limit is RL? The focal length of 
the zone plate is f'. 

(b) What is the resolution limit of a lens with the same radius? Comment. 


5.10 A diffracting screen consists of five 10-um slits separated from one an- 
other by 20 um. The overall dimension of the screen is therefore 130 um. Make 
a rough sketch of the diffraction pattern 200 um from the screen, assuming 
that the screen is illuminated at normal incidence with collimated light whose 
wavelength is 500 nm. (Hint: Calculate s?/A for the individual slits, as well 
as for the screen as a whole.] 


9.11 A large slit with width B contains a hair with width b; the hair lies 
parallel to the edges of the slit. Making sure to label appropriate inten- 
sities and widths, sketch the resulting Fraunhofer diffraction pattern. Draw a 
similar sketch for a dot with diameter d inside a circular aperture with di- 
ameter D. 


9.12 Depth of Focus. Use Fig. 5.25 (cf. Fig. 5.19) to show that the diffraction 
limited depth of focus is 


6’ = nÀ/(2NAYy . (5.108) 


[Hint: When you are out of focus, all optical paths to the image point are 
not equal.) Compare to what you might get by using geometrical optics to 
calculate the depth of focus. 

This result is generally valid for any diffraction-limited optical system, 
such as a microscope objective, when the image lies in a medium whose 
index of refraction is n. 
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Fig. 5.25. Depth of focus 


5.13 Suppose that the optical system in Prob. 5.12 is defocused by consid- 
erably more than the depth of focus. Show that the defocus error can be 
partially corrected by placing a Fresnel zone plate in contact with the lens. 


5.14 The optical path difference between the mirrors of a particular interfer- 
ometer is d. If the interferometer is illuminated with a beam whose wavelength 
is A, cos? fringes result, with 


Ij (d) = 4Ip cos? (21d/A) , 


where To is the incident intensity. Suppose that the instrument is illuminated 
with a range of angular frequencies such that J = Jg when Ag - AA/2 «A < 
Ag +AA/2, and I = 0 otherwise. Assuming incoherent superposition, integrate 
I4(d) over wavelength and show that the interference virtually disappears for 
all values of d that exceed cz / Au. 


5.15 A Michelson stellar interferometer (Fig. 5.26) consists of two diagonal 
mirrors separated by a long baseline B. The mirrors direct the (collimated) 
light from a distant star to the point directly between them, where interfer- 
ence fringes are formed. If the distance to the star is known, its diameter can 
be determined by measuring the spatial coherence of light of a given wave- 
length. Explain and find a formula for the diameter of the star in terms of 
B. What is the minimum value of B? Data: Largest star’s angular diameter 
= 10-7 rad. 


5.16 A power meter for a very high-power laser consists of a diffuser and 
a detector located a distance L from the diffuser. The diameter of the laser 
beam is D, and that of the detector is d. The laser is pulsed, so each shot 
causes a different speckle pattern to fall onto the detector. 

(a) What is the average number N of bright speckles to fall onto the detector? 
(b) Treat the speckles as “billiard balls". What is the standard deviation 
of N? How large must N be to achieve an accuracy of 1%? Do you expect 
a higher or lower standard deviation in the case of a real speckle pattern? 
(Some knowledge of statistics is necessary to solve this problem.) 


5.17 You are looking through a sheer curtain at a streetlamp across the 
street. There seem to be some fringes around the lamp, but only when you 
look through the curtain (so you know that your eyes are not failing). Are 
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Fig. 5.26. Michelson stellar 
B interferometer 


the fringes due to some sort of weird refraction in the fibers of the curtain, 
or could interference be responsible? Using reasonable numbers for the size 
and distance of the lamp, estimate the diameter of the coherence patch on 
the curtain. Is it larger than the mesh of the curtain? Could you be seeing an 
interference pattern? How can you test whether or not it is an interference 
pattern? 


9.18 To make a quasi-thermal source, we illuminate a rotating disk of ground 
glass near its periphery. The diameter of the disk is 5 cm, and the diameter 
of the illuminated spot is 2 mm. The wavelength of the light is 633 nm. The 
light scattered by the disk falls onto an object 1 cm away, and the object is 
examined with the eye. How fast (in revolutions per second) must the disk 
spin in order for the speckle pattern to be invisible to the eye? Does the result 
change if we view the object with magnification, rather than with the naked 
eye? Note that we are here talking about the objective speckle that falls onto 
the object, not the speckle pattern that forms on the retina. 


9.19 The condensing lens of a certain microscope has a diameter ó and is lo- 
cated a distance L from the object. The numerical aperture of this condensing 
lens is NA, = 6/2L. 

(a) Calculate the diameter d, of the coherence patch in the plane of the 
object and express it in terms of N A.. 

(b) The light in the plane of the object may be considered spatially co- 
herent only if d, is greater than the resolution limit of the objective lens. 
Show that this condition translates to NA, < 0.13N A, where NA is the 
numerical aperture of the objective lens. That is, the light in a microscope 
may be considered coherent if the numerical aperture of the condensing lens 
is less than, roughly, one-tenth that of the objective lens. 


6. Interferometry and Related Areas 


In Chap. 3, we discussed optical instruments that relied mainly on ray optics. 
Here we treat instruments whose operation depends on wave phenomena. 
These include division-of-amplitude and division-of-wavefront techniques, the 
physics of which was the subject of Chap. 5. 


6.1 Diffraction Grating 


In Chap. 5, we found that a multiple-slit screen diffracted light primarily into 
specific directions given by the grating equation 


mA = dsin8 . (6.1) 


Such a screen is known as a diffraction grating. In a given order m, differ- 
ent wavelengths are diffracted into different angles 0. A grating is thus said 
to disperse light and may be used for spectral analysis of a light source. A 
device that employs a grating for this purpose is a grating spectrometer. Spec- 
trometers can be calibrated with sources of known wavelengths and are used 
in chemical analysis, astronomy, plasma diagnostics, and many other areas. 
Most modern grating instruments use reflection gratings, such as that shown 
in Fig. 6.1. For such instruments, the grating equation is easily generalized to 


mA = d(sini + sin) , (6.2) 


Fig. 6.1. Reflection grating 
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grating Fig. 6.2. Plane-grating spectrometer us- 
ing lenses for collimating and focusing 


where i is the angle of incidence and i and @ have the same sign if they are 
on the same side of the normal. 

Plane gratings are illuminated with collimated light. The source is focused 
on a narrow slit (Fig.6.2). The light that passes the slit is collimated, fre- 
quently with a concave mirror. The relative aperture (F-number) of the lens 
used to focus the source should be about equal to the relative aperture of 
the mirror. The grating disperses the light, which is then brought to a focus 
by a second mirror. Generally, the two mirrors are identical and, for best 
results, the slit width is held equal to the theoretical resolution limit of the 
mirror. Figure 6.2 shows a plane-grating spectrometer that, for clarity, uses 
two lenses rather than mirrors. 

In some instruments, wavelength is determined by placing a photographic 
plate in the focal plane of the second mirror or lens. In others a slit is located 
at the focal point, and the grating is rotated in a known fashion, in order 
to direct different wavelengths through the slit. The latter device is usually 
called a monochromator. In optical communication, a computer-controlled 
monochromator is called an optical spectrum analyzer. In either case, refer- 
ence sources are needed for precise calibration. 

In many instruments, the function of the grating and that of the mirrors 
is combined in a single, concave reflection grating shown in Fig. 6.3. Such a 


Fig. 6.3. Concave-grating spectrometer, 
showing various orders 
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Fig. 6.4. Blazed grating 


grating disperses and focuses the light simultaneously. The entrance and exit 
slits are located on a circle, known as the Rowland circle, that is tangent to 
the grating. 


6.1.1 Blazing 


Reflection gratings are ruled approximately as shown in Fig. 6.4. Because of 
the way the rulings are scribed, the spacing of the rulings is just equal to the 
width of each ruling. In Sect. 5.5.2, we found that important orders may be 
weak or missing in this case. The same would be true of the reflection grating, 
but for the fact that it is blazed for the wavelength of interest, usually in first 
order. 

Blazing refers to the angling of the faces of the rulings as shown in Fig. 6.4. 
As with multiple-slit interference, the diffraction pattern of the individual 
ruling determines the relative strength of the light diffracted into a given 
order. With the reflection grating, that diffraction pattern is centered about 
the direction of the reflection from the faces of the individual rulings. By 
choosing the proper blaze angle, we can therefore locate the center of the 
single-slit diffraction pattern at any desired angle. 

If we choose the blaze angle properly, we will not only find the maximum 
intensity of the desired wavelength in the chosen order, but, in addition, we 
will find that the uninteresting zero-order diffraction image lies near a min- 
imum of the single-slit diffraction pattern and is greatly suppressed. Energy 
that would otherwise be wasted in the zero-order image is thus conserved and 
increases the intensity in the chosen order. 

High-quality gratings may also be made by holography (Chap. 7). Such 
gratings are highly efficient and scatter very little unwanted light. 


6.1.2 Chromatic Resolving Power 


We have found the shape of the diffraction pattern to be 
| Nr . 
sin*(+dsin@ 
ig) = STATE 
sin"(Xdsin8) 
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where N is the total number of rulings. A principal maximum occurs where 
both numerator and denominator are 0. When N is large, the numerator 
varies much more quickly than the denominator, so it alone determines the 
angular width of the maximum. 

Just at a principal maximum, the numerator is 0. If we increase or decrease 
the argument slightly, the value of 7(0) falls sharply, and when the numerator 
reaches 0 for the next time, the denominator is no longer 0. Thus, the intensity 
of the diffracted light falls to 0 when @ is increased by a value of A@ given by 


(Nzx/A)dA(sin 6) = z , (6.4) 
or 
A0 = A/Ndcosó (6.5) 


This is also, approximately, the full angular width (at half maximum) of the 
diffracted beam. 

We may use the Rayleigh criterion to estimate the smallest resolvable 
wavelength difference AA between two sharp spectral lines. According to this 
criterion, the maximum of one wavelength coincides with the first zero of the 
other when the two spectral lines are just resolved. We relate AA to A0 by 
differentiating the grating equation to find that 


A = (d/m) cos 0 A0 , (6.6) 
from which we find the instrumental line width, 

AA — A/mN . (6.7) 
This expression is commonly written as 

A/AA — mN . (6.8) 


A/AA is known as the chromatic resolving power. For resolution of the order 
of 1 nm or less, the product mN must be several thousand. Because m is 
generally 1 (sometimes 2 or 3), the total number of rulings on the grating 
must be sizeable. Typical gratings are made with 6000 rulings/cm or more, 
and a large, high-quality diffraction grating has tens of thousands of rulings. 


6.2 Michelson Interferometer 


This instrument is shown schematically in Fig. 6.5. A partially silvered mirror 
allows a single beam of light to fall on two mirrors, M; and M2. The mirrors 
are adjusted to recombine the resulting two beams in a line with the observer's 
eye. 

Looking into the beam splitter, we seem to see both M, and Mo in ap- 
proximately the locations of Fig. 6.6. The mirrors are apparently separated 
by 
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M, 
d 
M2 
9 
Fig. 6.5. Michelson interferometer Fig. 6.6. Apparent positions of the mir- 


rors in a Michelson interferometer 


d= lı = lo ` (6.9) 
and interference maxima occur whenever 
2dcos@ = mA. (6.10) 


Because two beams are involved, the interference pattern is described by cos? 
fringes. The interference pattern appears the same as that brought about 
by two nearly parallel surfaces with low reflectance. In the interferometer, 
however, the separation and orientation of the mirrors are adjustable. If the 
mirrors are tilted slightly with respect to one another, the fringes are nearly 
straight and parallel to the line of intersection of the mirror planes and are 
called fringes of equal thickness. If the mirrors are parallel, but separated 
somewhat, symmetry dictates circular fringes whose maxima occur at certain 
angles 0 that depend on the value of d; these are called fringes of equal 
indination. 

Michelson used the interferometer to measure the wavelength of light in 
terms of a material standard of length, which ultimately became the standard 
meter. Although the actual measurement is extremely difficult, it can be done 
conceptually in the following way. 

First, illuminate the instrument with white light, whose coherence length 
is very nearly 0. At zero path difference only, interference can be observed as 
a single, black fringe. The fringe is black, not white, because only one beam 
undergoes a phase change of 7 on reflection from the half-silvered mirror. 

Now, move (say) mirror Mı, maintaining it parallel to its initial position, 
by a distance equal to the length of the standard. Note the location of M2 
and move it until a black fringe is observed. The mirrors have now moved 
equal distances. Replace the white light with monochromatic light and count 
fringes as M? is slid back to its original position. If m fringes are counted, 
then mA/2 is equal to the known length. 
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In fact the standard meter was longer than the coherence length of any 
available source, so Michelson had to develop several secondary material stan- 
dards to complete the actual measurement. 

The visibility V of fringes in a Michelson interferometer is defined as 


I max ~ I min 

b Tmax + Imin 1 
and is used as a measure of the degree of coherence of the source. By mea- 
suring the relative mirror separation d at which the fringes disappear, we 
can determine the coherence length le of the source. If the source is known 
to consist of only one spectral line, |. can be used to determine its spectral 
width Aw. 

The Michelson interferometer is used today for Fourier-transform spec- 
troscopy in the far infrared. It is possible to show that the visibility V (d) 
of the fringes as a function of d is just equal to the Fourier transform of 
the spectral distribution (w) of the light. In this type of spectroscopy, V (d) 
is measured over a wide range of d, and the transform is inverted on the 
computer to find J(w). 


6.2.1 Twyman-Green Interferometer 


This instrument is closely related to the Michelson interferometer and resem- 
bles a Michelson interferometer illuminated with collimated light (Fig. 6.7). 
It is used to test flat optical windows and other optics whose transmission 
(as opposed to reflection) is important. 

The Twyman-Green interferometer is set up with collimated light; the 
mirrors are adjusted sufficiently parallel that a single fringe covers the entire 
field. A test piece, say an optical flat, is inserted in one arm. Any fringes 
that appear as a result of the flat’s presence represent optical-path variations 
within the flat. For example, if the flat is slightly thicker on one side than on 
the other, it is said to have a wedge. Looking through the flat inakes the mirror 


Fig. 6.7. Twyman-Green interferometer 
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appear slightly tilted and results in nearly straight fringes. Similarly, if the 
surfaces are not flat, but slightly spherical, the fringes will appear circular. 

The Twyman-Green interferometer is also used for testing lenses. One 
mirror is replaced by a small, reflecting sphere, and the lens is positioned so 
that the center of the sphere coincides with the focal point of the lens. Plane 
waves thus return through the lens if the lens is of high quality. Aberrations or 
other defects in the lens cause the returning wavefronts to deviate from planes 
and result in a fringe pattern that can be used to evaluate the performance 
of the lens. 


6.2.2 Mach-Zehnder Interferometer 


This instrument is shown in Fig.6.8. Although not truly a relative of the 
Michelson interferometer, it is nevertheless a two-beam interferometer that 
works by division of amplitude. Because it is a single-pass interferometer, the 
Mach-Zehnder has only half the sensitivity of the Michelson or Twyman- 
Green interferometers. Like the latter, it may be used for testing optics for 
flatness, thickness variation and so on; it has also been used for measuring 
the index of refraction of gases. 

The interferometer consists of two mirrors and two beam splitters. The 
first beam splitter divides the beam into two parts, whereas the second com- 
bines the parts after reflection from the two mirrors. In the figure, a test piece 
is located in the lower arm. The upper arm contains a compensator that is 
needed when the source has limited temporal coherence; the compensator 
has roughly the same optical thickness as the specimen and ensures that the 
two arms have nearly equal] optical path length. If the source is a laser, the 
compensator is superfluous. 

An interference microscope is a system that allows transparent objects to 
be seen, provided that their index of refraction differs from the surroundings. 
The phase difference that results from the index difference causes interference 
and allows visualization of the objects. Most interference microscopes are 
based on the Mach-Zehnder interferometer; the highest-quality instruments 
use two matched objectives, one in each arm of the interferometer. 

A fiber interferometer is an interferometer that uses an optical fiber in 
either or both of its arms. A common type of fiber interferometer is a Mach-- 
Zehnder interferometer with single-mode fibers in both paths. The beam 


Fig. 6.8. Mach-Zehnder interferometer 
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splitters may be replaced by directional couplers (Sect.12.1); the mirrors 
are not necessary. Such an interferometer may be used as an element in a 
fiber sensor. This is an instrument that measures some quantity, such as 
temperature or strain (elongation), that changes the optical length of the 
fiber in one arm while the other arm is held constant. Usually the change of 
optical length is difficult to determine analytically, so such instruments are 
calibrated by comparison with known standards. 


6.3 Fabry—Perot Interferometer 


The Fabry-Perot interferometer consists of two highly reflecting mirrors main- 
tained parallel to great precision. As we found before, a given wavelength is 
transmitted completely only when 


mA = 2dcos@ . (6.12) 


Like a diffraction grating, a Fabry—Perot interferometer is thus able to distin- 
guish between wavelengths. It can be used in one of two ways. If the value of 
d is fixed and the interferometer illuminated with a slightly divergent beam, 
a given wavelength will be transmitted at several particular values of 0 only. 
Another wavelength will be transmitted at other values of 6; the difference 
between the two is easily calculated. Often, only the difference is of interest; 
otherwise, a known wavelength must be introduced to calibrate the interfer- 
ometer. 

A Fabry-Perot interferometer is also used in a mode in which d is varied, 
generally with 6 = 0. Scanning may be accomplished by placing the entire in- 
strument in a vacuum chamber and slowly lowering the pressure. This changes 
the optical thickness nd of the air between the plates, because n varies very 
nearly in proportion to the density or pressure of the air. Data collection 
by this method is relatively slow. Most modern instruments have one mirror 
fixed to a piezoelectric crystal (whose thickness varies with applied voltage) 
or to a magnetic drive similar to a loudspeaker. This mirror is rapidly driven 
back and forth through a few wavelengths, and the transmitted intensity is 
displayed on an oscilloscope or digitized by a computer. 


6.3.1 Chromatic Resolving Power 


As with the diffraction grating, we seek the smallest observable wavelength 
difference. The transmission profile of a single wavelength is, according to 
(5.52) and (5.53), 

h 1 


i 1+ Fsin? $ ' AX. 
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where we assume lossless mirrors for convenience and where $ = (27/A)2d cos 8. 
The maximum transmittance is 1 and occurs whenever ¢ = 2mm. The trans- 
mittance is never quite 0, so we look instead for the width € of the transmis- 
sion function at half maximum, given implicitly by 


h 1 1 

——— (6.14) 

Ip 2 14 F sin? (2902272) 
€ is the full width, so ó = 2m + (£/2) when the transmittance has decreased 
from 1 to 1/2. If F is large, the fringes are sharp and £ small. The sine term 
is expanded by the appropriate trigonometric formula and sin(¢/4) replaced 
by ¢/4, so 


1 1 

J — 1+ F(£)? . (6.15) 
Solving for £, we find 

e=4/VF. (6.16) 


It remains to relate £ with AA. We adopt the criterion that two wavelengths 
are resolved if their maxima are separated by £. To find the change of ¢ that 
corresponds to a small change of A, we differentiate the relation 


= (21/A)2d cos , (6.17) 
with respect to A and find 
Aó = (21/A?)2d cos 0A . (6.18) 


(without regard to sign). If A@ is set equal to e, then AA is equal to the 
minimum resolvable wavelength separation or instrumental linewidth. 

We combine the last two equations and note that $ is very close to 2m7, 
to find that AA can be written 


AA — A/m./^ (instrumental line width) (6.19) 
Or 

A/AÀ — m. 4^, (6.20) 
where 

MM —2nje (6.21) 


is known as the finesse of the instrument. 

By analogy with the corresponding result for a diffraction grating, we may 
think of J^ as the effective number of transmitted beams. Using the relation 
between £ and F, we find 


A^ =nVR/(1— R). (6.22) 


-/&^ may be made as high as 30 or 50 before other factors, such as alignment 
of the mirrors, begin to influence resolution. The Fabry--Perot interferometer 
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is nevertheless capable of very high spectral resolution. The mirrors may be 
separated by I cm or more, so the order m is typically several hundred thou- 
sand (for visible light). The product m." is therefore very large, and the 
interferometer is capable of much higher resolution than a grating spectrom- 
eter. 


6.3.2 Free Spectral Range 


Let a Fabry-Perot interferometer be operated in a scanning mode with 
cos0 = 1. It is illuminated with wavelengths A and A + AA. The approxi- 
mate value of A is known. To find AA, we could, for example, differentiate 
the relation mA = 2d to find 


Ad = 2Ad/m . (6.23) 


If one wavelength appears in order m at d and the other at A + AA, then 
AA is the difference between the wavelengths. The value of m is not known 
precisely, but AA can be determined if the transmission maxima of the two 
wavelengths can be shown to have the same order. Usually this is true only 
if AA is so small that the mth order of A + AA falls between the mth and 
(m + 1)th order of A. Otherwise, the data are very difficult to interpret. 

The limiting case occurs when the (m + 1)th order of A coincides with the 
mth order of A+ AA. This value of AA is the greatest wavelength range with 
which the instrument should be illuminated and is known as the free spectral 
range (FSR) or range without ovlerlap. We find the free spectral range from 
the equations 


(m+ 1)À = 2d (6.24) 
and 

m(A + AA) = 2d. (6.25) 
Subtracting (6.24) from (6.25), we find 

AA = A? /2d (free spectral range). (6.26) 


We can show further that the finesse ./” connects the instrumental 
linewidth or spectral resolution limit (AA)min to the free spectral range 
(AX)rsn by the relation 


(AX)nin = (AX)rsn/.^ . (6.27) 


The free spectral range of a typical Fabry-Perot interferometer is small. Often 
light is predispersed with a grating whose spectral resolution is equal to the 
free spectral range of the interferometer. The interferometer thus offers an 
increase of 30 or more over the resolution of the grating. 
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6.3.3 Confocal Fabry-Perot Interferometer 


A high-finesse variation on the Fabry-Perot interferometer is the spherical, 
confocal Fabry- Perot interferometer. This device uses two spherical mirrors, 
generally with equal radii, whose focal points coincide or nearly coincide. 
Because this geometry minimizes diffraction loss and the effects of mirror 
imperfections, the finesse . ^^ can be as great as 300. These instruments are 
almost always used to study the spectral purity of a laser whose entire spectral 
width is less than the free spectral range of the interferometer. Relatively 
recently, Fabry-Perot interferometers have been designed with finesses in 
excess of 20000. Although not confocal cavities, these use curved mirrors 
to reduce diffraction loss. To reduce scattering loss, the mirror coatings are 
deposited onto highly polished substrates that are often called superpolished, 
and the cavity is hermetically sealed. With a very short cavity, say, d = 20 um, 
the instrument can display a spectrum that is 20 or 30nm wide with good 
resolution. 


6.4 Multilayer Mirrors and Interference Filters 


6.4.1 Quarter- Wave Layer 


When a light beam strikes the interface between media that have different 
indexes of refraction, a fraction of the light is reflected. The reflectance R 
depends on the ratio of j of the indexes of the two media. Near normal 
incidence, 


p-1\° 
R= (£i) (6.28) 
ul 
In addition, the reflected wave changes phase by 180° when the incident light 
travels from the low- to the high-index material. The phase change of a wave 
traveling in the other direction is 0. 

For an air-glass interface, p is equal to the index n of the glass, and R is 
about 4%. It is possible to deposit a thin film of low-index material on the 
surface of the glass and thereby reduce the reflectance considerably. Suppose 
that the film has physical thickness d and index n; « ng. Both reflected waves 
have the same 180° phase change on reflection, which we therefore ignore. 

The two reflectcd waves interfere destructively and there is a reflectance 
minimum when 


2ngd = A/2 , (6.29) 
where ned is the optical thickness of the film. Thus, 
ned = A/A . (6.30) 
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The layer is known as an antireflection coating. Any film whose optical thick- 
ness is A/4 is known as a quarter-wave layer. 

The waves will cancel completely only when the reflectances from the two 
interfaces are equal. This happens when the film index n, is chosen so that 
the value of yu at the air-film interface equals that at the film-glass interface. 
That is, 


ng/1 = ng/n; . (6.31) 
The film should thus have index 
n; = nl. (6.32) 


In practice, the most common material used for the film is MgF2, whose 
index is about 1.38. Since the index of most optical glass is about 1.5, the 
match is not perfect, but R is reduced from 4% to about 1%. Special, three- 
layer coatings allow a greater reduction. 

It is also possible to deposit a coating with index n; > ng. In this case, 
the wave reflected from the second interface does not undergo a phase change 
and the reflectance is made larger than 4%. Nonmetallic, and therefore non- 
absorbing, beam splitters are often made in this way. For example, a quarter- 
wave layer of TiO» is an adequate beam splitter at 45? incidence. 


6.4.2 Multilayer Mirrors 


An efficient reflector can be made by using the quarter-wave stack, in which 
alternating high- and low-index layers, np and nı, are deposited on a glass 
substrate. Each layer has an optical thickness of A/4. Because of the phase 
change that occurs at alternate interfaces, the reflected waves add construc- 
tively. Fifteen or more layers can be deposited, and reflectance over 99.9% 
is possible when great care is taken to eliminate sources of light scattering 
within the films or on the surface of the substrate. 

Quarter-wave stacks with relatively few layers are also used where only 
partial reflection is needed. These mirrors are efficient in the sense that very 
little is lost by absorption. Multilayer mirrors are also durable, and visible 
and near-infrared lasers use them almost exclusively in resonators, interfer- 
ometers, and other components. 


6.4.3 Interference Filters 


The most common interference filters are designed to transmit a narrow wave- 
length band and block all others. These are thin-film Fabry-Perot interfer- 
ometers made of two thin, metal films separated by a thin, dielectric layer. 
(In addition to these layers, the outer surfaces of the metal layers are often 
antireflection coated with a stack that is relatively complicated because of 
the phase change on reflection from the metal.) These filters are sometimes 
called metal-dielectric-metal or MDM filters. 
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The two layers of metal are very thin and partially transparent. They 
serve as the Fabry-Perot mirrors, and their spacing is determined by the 
layer of dielectric. The optical thickness of this layer is determined by the 
relation mA = 2nd, where m is almost always 1 or 2. Unwanted transmittance 
maxima occur at wavelengths greatly different from the design wavelength 
and are blocked, for example, with a colored-glass substrate. 

Interference filters may be designed to pass very narrow bands, but usu- 
ally sacrifice peak transmittance in that case. A typical interference filter for 
visible light may have a 7 nm passband with 70 % peak transmittance or a nar- 
rower passband and lower transmittance. For example, for a 1 nm bandwidth, 
the peak transmittance may drop to 30% or so. 

Multilayers are also designed to transmit or reflect relatively broad bands 
or to reflect infrared while transmitting visible light. The makeup of the layer 
is considerably more complicated than the quarter-wave stacks and MDM 
filters described here. 


Problems 


6.1 A diffraction grating is blazed for wavelength A, in first order (m — 1). 
The slit width b is equal to the spacing d. 

(a) Show that the orders m = 0 and m = 2 are missing. (Just sketch the 
single-slit diffraction pattern (the envelope) and show that the orders 0 and 
2 correspond to minima of the envelope. Remember that the center of the 
envelope depends only on the blaze angle and not on the wavelength.) 

(b) Consider the wavelength Az = 2A;. Show that this wavelength appears 
in first order where sin@ = 2A,/d. Is this wavelength missing in first order? 
Is it missing in zero order? 


6.2 (a) A transmission diffraction grating has 714 grooves/mm. It is illumi- 
nated at normal incidence with a beam of visible light, whose wavelength 
varies from 400 to 700nm. Show that there are two complete spectra, one 
between about 17° and 30°, and one between about 35° and 90° (that is, two 
spectra on each side of the normal to the grating). 

(b) In (a), there is a range of about 5° between the first- and second-order 
spectra. Is there any value of d for which the two spectra will overlap? 


6.3 If a diffraction grating has many orders, spectra in two different orders 
m and m + 1 may overlap one another. If the wavelength range of the light 
source is restricted, such overlaps will not occur. Find the greatest wavelength 
range that can be employed with a diffraction grating in order m, without 
encountering overlapping of orders. This is known as the free spectral range 
of the grating. 


6.4 A well-corrected lens focuses the light transmitted by a plane-parallel 
Fabry-Perot interferometer onto a photographic plate. For one particular 
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wavelength, mA = 2d at the center of the ring pattern. Show that other orders 
of wavelength A emerge as circles whose radii are given by f'(pA/d)!/?, where 
p is an integer and f’ is the focal length of the lens. (Note that order number 
decreases away from the center of the pattern.) 


6.5 To estimate the effect of surface quality on a Fabry—Perot interferometer, 
consider an interferometer that has an accidental step in one mirror. The 
height of the step is h. Show that the maximum acceptable step height is 
approximately A/2..4^, where ./ is the finesse of the interferometer. 


6.6 A perfect Fabry-Perot interferometer has diameter D. We estimate the 
divergence of any emerging ring or beam to be A/D. Use this estimate to 
deduce the effect of diffraction on the limit of resolution of the interferometer. 
[Note: To solve this problem, you do need much more than mA = 2d cos and 
the definition of M. 


6.7 An MDM filter exhibits a peak wavelength Ao and passband AA. Roughly 
how much can you tilt the filter with respect to the incident beam before the 
transmitted wavelength changes by more than AA? This result determines 
the degree to which a beam must be collimated before it passes through the 
filter. 


6.8 A spectrometer uses a grating with N lines in first order. The width of 
the output slit corresponds to the instrumental linewidth of the grating. To 
improve the resolution, we attach a Fabry-Perot interferometer to the output 
of the grating. Find the best mirror spacing d in terms of N and A. 


7. Holography and Image Processing 


We begin this chapter by using simple arguments to describe holography and 
to treat such important aspects of holography as image position, resolution, 
and change of wavelength. Under the general heading of Optical Processing, 
we include the Abbe theory of the microscope, spatial filtering, phase-contrast 
microscopy, and matched filtering; in short, what is often called Fourier- 
transform optics. 


7.1 Holography 


Holography or wavefront reconstruction was invented before 1948, about 
twenty years before the development of the laser. Its rea] success came only 
after the existence of highly coherent sources suggested the possibility of sep- 
arating the reference and object beams to allow high-quality reconstructions 
of any object. 

In Gabor’s original holography, light was filtered and passed through a 
pinhole to bring about the necessary coherence. The source illuminated a 
small, semitransparent object O that allowed most of the light to fall undis- 
turbed on a photographic plate H, as in Fig. 7.1. In addition, light scattered or 


Fig. 7.1. Exposure of a Gabor hologram 
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diffracted by the object also falls on the plate, where it interferes with the di- 
rect beam or coherent background. The resulting interference pattern may be 
recorded on the plate and contains enough information to provide a complete 
reconstruction of the object. 

To find the intensity at H, we may write the field arriving at H as 


E — E, * Eo, (7.1) 


where E; is the field due to the coherent background and Eo, the field scat- 
tered from the object. The scattered field Ep falling on H is not simple; both 
amplitude and phase vary greatly with position. We therefore write 


Eo = Ape? , (7.2). 


where Ag and ve are implicitly functions of position. We write a similar 
expression for E;, even though E; is usually just a spherical wave with nearly 
constant amplitude Aj. The field falling on the plate may then be expressed 
as 


E = e [A + Anew] (73) 
and the intensity, 
I = A? + A? + Ag Ajel 70792) 4. Ap Aye (Po 7 Hi) (7.4) 


For our purpose it is convenient to characterize the photographic plate H 
by a curve of amplitude transmittance t, vs exposure & rather than by the 
D vs log & curve of conventional photography. The ta vs & curve is shown in 
Fig. 7.2. The curve is nearly linear over a short region; we call the slope there 
B. 


In that region, the equation for the ta vs Æ curve can be written as 
ta = to — LE (7.5) 


for the (negative) emulsion. 
If we take the exposure time to be t, we find the amplitude transmittance 
of the developed plate to be 


Fig. 7.2. Film characteristic of Agfa 
Gevaert 10E70 emulsion. [After F. H. 
Kitredge: Diffraction Efficiency and Im- 
age Quality of Holograms Exposed on 

Agfa Gevaret 10E75 Plates. Thesis, Uni- 
0 25 versity of Waterloo, Waterloo, Ontario, 
& ( lux-s) Canada (1969)] 
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ta = to — Dt |a? + A2 + Ao A;eiC "o ihi) 4. Apo A;e i(Vo ud ; (7.6) 


The term A? contributes to noise in the reconstruction, but we drop it here 
because of our assumption that the scattered field is smal] compared with 
the coherent background. 

We may now remove the object and illuminate the developed plate with 
the original reference beam E;. The developed plate is known as the hologram. 
The transmitted field E, just beyond the hologram is 


E, = Achta, (7.7) 
and the interesting part is 
— Bt A;ei |a? + AoA;e (o7 9) 4 AoAje- o7 90] (7.8) 


We may factor A; from the square bracket. Apart from real constants, the 
result is 


e^ [Ai + Agel 9o 7 9) 4 Age i079) l (7.9) 


The first two terms here are identical with the field that exposed the plate; 
the first term corresponds to the coherent background and the second to the 
wave scattered by the object. An observer looking through the plate would 
therefore seem to see the object located in its original position. Except for 
its intensity, this reconstruction is theoretically identical to the object. 

The third term is identical with the second term, apart from the sign 
of the phase term (yo — yi). This term corresponds to a second reconstruc- 
tion, located on the opposite side of the plate. Thìs conjugate reconstruction 
is always present and is out of focus when we focus on the primary recon- 
struction. Its presence therefore degrades the primary reconstruction and is 
a major obstacle to the production of high-quality holograms. For practical 
purposes, this obstacle was removed when the laser provided sufficient coher- 
ence to separate the object wave from the coherent background with a prism 
or beam splitter. Figure 7.3 shows several schemes for separating the two 
waves. The primary and conjugate reconstructions are spatially separated so 
that they do not interfere with one another, 


7.1.1 Off-Axis Holography 


The general theory of holography is too cumbersome to pursue further. For- 
tunately, a number of simpler arguments allow a good, working knowledge 
of holography. We begin with Fig.7.4. The reference beam (which replaces 
the coherent background) is for convenience taken normal to the plate H. 
We focus our attention on a smal] object, which may be regarded as a small 
portion of a larger object. The object is illuminated with a beam coherent 
with the reference beam; that is, the reference and object waves are derived 
from the same laser. 
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——$— 
Fig. 7.3. Geometries 
for separating object 

— 


and reference waves 


At a given location on the plate, the angle between object and reference 
beams is 0. The interference between the beams gives rise to a two-beam 
interference pattern. The separation between adjacent maxima is thus 


d = A/ sin (7.10) 


at this location on the plate. 

The developed plate or hologram therefore resembles a diffraction grating 
(or, for a complicated object, a superposition of diffraction gratings) whose 
spacing is d. When the reference beam illuminates the hologram, light is 
diffracted into several orders according to the grating equation 


mA = dsin 6’ (7.11) 


where @” is the direction of the diffracted waves. If the ta vs & curve of the 
plate is approximately linear, the amplitude transmittance of the recorded 
fringe pattern is sinusoidal. It is possible to show that, for this case, only 
the orders m = +1 exist, apart from the undiffracted, zero-order light. The 
hologram therefore diffracts light into the directions 


0 —-0. (7.12) 


« Fig. 7.4. (a) Exposure and 
X 21 (b) reconstruction of off-axis 
^ b hologram 
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As shown in Fig.7.4, the diffracted wave corresponding to the direction of 
the original object wave gives rise to a virtual reconstruction coincident with 
the object location. This is the primary reconstruction. The conjugate re- 
construction is real (in this case) and comes about because of the second 
diffracted wave. What is important is that it is spatially separated from the 
primary reconstruction. 

This diffraction-grating interpretation of holography has an important 
consequence. Suppose that a given film has resolving power RP. Then it 
cannot resolve a fringe pattern finer than 1/RP. That is, the fringe spacing 
d cannot be finer than 1/RP if the hologram is to be recorded at all. This 
factor determines the greatest permissible angle max between reference and 
object waves to be 


sin @max = ARP. (7.13) 


Provided that @ is less than fmax, the hologram will be recorded and will, in 
principle, reconstruct the object wave precisely. 

Looking at the primary reconstruction may be likened to looking through 
a window at the object. Resolution is determined by the relative aperture of 
the viewing optics, rather than by the resolving power of the photographic 
plate. The resolution limit is approximately equa] to the radius of the Airy 
disk of the optical system that views the reconstruction. 

The plate’s resolving power does determine the highest-aperture hologram 
that can be recorded, however, and provides the ultimate Jimitation on the 
resolution of the reconstruction (Problem 7.2). 


Example 7.1 Minimum Reference-Beam Angle. An object subtends angle 2¢ 
at the center of a holographic plate. (a) Find the highest spatial frequency that is 
brought about by interference between rays originating from different object points. 
Assume, for convenience, that the center of the object lies on a line perpendicular 
to the plate. 

(b) The plate is exposed with a reference-beam angle @ and developed. The holo- 
gram is reconstructed with the same reference or reconstructing beam. Show that 
the reconstructing beam is dispersed into a range of angles by the self-interference 
of the object beam and that @ must therefore exceed sin” '(3sin ) ~ 3¢ to prevent 
the diffracted light, or flare light. from overlapping the desired reconstruction. (If 
the reference beam is much brighter than the object beam, the flare light may be 
weak, and 0 may be reduced to o.) 


7.1.2 Zone-Plate Interpretation 


If we look at the hologram as a whole, we find that the spacing of the in- 
terference maxima varies with position across the plate. The position and 
spacing of these maxima can be found by applying the relation that the op- 
tical path difference between the object and reference waves is equal to mA. 
Clearly such a calculation would be carried out using Fresnel's construction 
for each object point and would merely repeat the derivation of the zone 
plate, whether or not the reference beam originated at oo. 
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We therefore conclude that the hologram resembles a superposition of 
zone plates. Each zone plate is made by the interference of two beams and 
ideally has a sinusoidal amplitude transmittance, just as did the diffraction 
gratings in the preceding section. Indeed, these diffraction gratings can be 
regarded as portions of zone plates sufficiently small that the spacing of the 
maxima is substantially constant. 

The sinusoidal diffraction grating gave rise to orders +1 and —1 only. 
Similarly, the sinusoidal zone plate has only one positive and one negative 
focal length. When the reference beam is collimated, these focal lengths are 
equal to the perpendicular distance of the object from the plate. When the 
reference beam originates at a point at a finite distance from the plate, the 
focal lengths f and f' are not in general equal but must be determined by 
application of the lens equation. The center or principal point of the zone 
plate lies on the line that joins the source of the reference beam with the 
object point (or its reflection in the plane of the plate if object and source lie 
on the same side of the plate). 

The zone-plate interpretation of the hologram shows immediately not 
only why two reconstructions exist, but shows their locations as well. It is 
now explicit why we earlier assigned one diffracted beam to the primary 
reconstruction and the other to the conjugate reconstruction. 

Knowing the focal length of the elementary zone plates is important for 
other reasons. We may want to reconstruct the hologram with a beam that 
differs from the original reference beam, either in location or wavelength. Al- 
though this will, in general, introduce aberrations, it may be desirable, for 
example, to achieve magnification. The magnification brought about by, say, 
a wavelength change is not obvious and is not, in general, equal to the ratio 
of the respective distances of the reconstructions from the plate. The magni- 
fication may be determined for a given case by finding the reconstructions of 
two object points and comparing their spacing with the original. 

We leave as a problem to show that simple wavelength change does not 
result in a scale change when the reference and reconstructing beams are 
collimated. 


7.1.3 Amplitude and Phase Holograms 


A hologram recorded on film normally has a complicated amplitude-transmit- 
tance function and is often called an amplitude hologram. The diffraction effi- 
ciency of a hologram is the percentage of the reference beam that is diffracted 
into the primary reconstruction. The diffraction efficiency of an amplitude 
hologram depends on the contrast of the recorded fringes and is therefore 
greatest when the reference and object beams fall with equal strength on the 
plate. Even in that case, the maximum theoretical efficiency is about 5%, 
but the nonlinearity of the photographic emulsion dictates that the reference 
beam be 3 or more times stronger than the object beam. The diffraction 
efficiency of amplitude holograms is thus of the order of 2 or 3%. 
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Chemical processes known as bleaching convert the silver image into a 
silver salt that is transparent. The salt has a slightly different index of refrac- 
tion from the gelatin. In addition, the presence of developed silver produces 
a relief effect on the surface of the emulsion. These factors allow us to con- 
vert the amplitude hologram to a nearly transparent phase hologram. Even 
though the hologram has no variations of amplitude transmittance, it acts as 
a diffraction screen, in much the same way as a ruled reflection grating (see 
Sect. 6.1.1), which has phase variation but no amplitude variation. 

A phase hologram thus provides a reconstruction, just as does an am- 
plitude hologram. Because the plate is not absorbing, though, the efficiency 
can be made over 10 times as great. Figure 7.5 shows diffraction efficiency 
as a function of optical density for bleached and unbleached holograms. The 
balance ratio, or the reference-beam intensity divided by that of the object 
beam, was in this case 7 to 1. This value was chosen because lower balance 
ratios cause higher-contrast fringes; phase holograms become nonlinear and 
display a great deal of scattered light or veiling glare. The balance ratio of 
7 to 1 gives relatively good diffraction efficiency and relatively little veiling 
glare, whereas higher balance ratios result in lower diffraction efficiencies. 
Still, phase holograms are subject to more veiling glare than amplitude holo- 
grams. In addition, because the diffraction effciency of the phase hologram is 
greatest when the optical density is 2 or more, phase holograms require sub- 
stantially more exposure to achieve that density than amplitude holograms, 
which are exposed to much lower density. They also may darken with age, es- 
pecially when exposed to ambient light. These factors are usually outweighed 
by their high efficiency and relative insensitivity to errors in exposure. 


BALANCE RATIO 7:1 


* Fig. 7.5. Diffraction efficiency of am- 
UNBLEACHED plitude transmission and phase holo- 


DIFFRACTION EFFICIENCY (%) 


grams exposed on 10E75 plates. [After 
0 1 2 3 4 s M. Young, F. H. Kittredge: Appl. Opt. 


OPTICAL DENSITY BEFORE BLEACHING 8, 2353 (1969)) 


7.1.4 Thick Holograms 


The photographic emulsion may be 10 um or more thick; the interference 
fringes will therefore penetrate the emulsion. In this case, the hologram may 
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resemble a pile of diffraction gratings or a venetian blind, as in Fig. 7.6a. 
Roughly speaking, emulsion thickness becomes a factor when the diffracted 
ray shown cannot “escape” the emulsion without interacting with another in- 
terference fringe on its way out. This condition depends on the emulsion thick- 
ness and fringe spacing, and on the angles involved. For most transmission 
holograms, the emulsion thickness seems to determine only that the diffrac- 
tion efficiency is greatest when the original angles are maintained (Problem 
7.3). 

Another kind of hologram, a reflection hologram, is illustrated in Fig. 7.6b. 
A reflection hologram is exposed with the reference and object beams inci- 
dent from opposite sides of the emulsion. The fringes, therefore, run roughly 
parallel to the emulsion and are always spaced about A/2n apart. 

Any hologram made with the fringes parallel to the emulsion is recon- 
structed in reflection, rather than transmission. The process is very similar 
to Bragg reflection from planes in a crystal. Each fringe reflects a fraction 
of the reconstructing beam, and there is constructive interference only at 
the appropriate angle. The object is thereby reconstructed. In addition, the 
Bragg condition applies at only one angle of reflection, so the conjugate re- 
construction does not exist. The same is true of thick transmission holograms, 
but these are apt to require a much thicker emulsion and are therefore less 
practical than reflection holograms. 

Reflection holograms exposed on photographic film are always bleached, 
and the diffraction efficiency can theoretically approach 100%. Further, be- 
cause Bragg reflection is a result of multiple-beam interference, it is highly 
wavelength selective. For this reason a reflection hologram can be recon- 
structed with a white-light source. The reconstruction appears colored be- 
cause the hologram selects the proper wavelength. The process bears con- 
siderable resemblance to the Lippmann process of color photography (which 
dates to around 1900), and, as a result, reflection holograms are also called 
Lippmann- Bragg holograms. 

A Lippmann-Bragg hologram is sometimes called a white-light hologram 
because it can be reconstructed in white light. Thin holograms may also be 
reconstructed in white light, provided that the reconstruction is very near 
to the plane of the hologram itself. To see this, consider a single zone plate, 
which is the hologram of a single point in the object. No matter what the 


Fig. 7.6. (a) Thick transmission 
hologram, (b) thick reflection holo- 
a b gram 
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wavelength of the laser light that exposed the hologram, the focal length 
of the resulting zone plate depends on the wavelength of the light used to 
reconstruct the hologram. If that focal length is very long, wavelengths at 
opposite ends of the visible spectrum will bring about reconstructions at 
very different points; the reconstruction wil] disappear into a blur of colors. 

If, on the other hand, the focal length of the zone plate is short, close 
to 0, reconstructions with different wavelengths will appear in nearly the 
same planes, though there may be some colored fringes. A thin hologram 
may therefore be reconstructed in white light if its reconstruction lies close 
enough to the hologram plane. 

A hologram with the required properties may be exposed by projecting 
an image with limited depth into the vicinity of the photographic plate and 
using that image as the object beam for the hologram. A hologram exposed 
in this way is called an image-plane hologram. To avoid distortion caused by 
the longitudinal magnification of a lens, the object beam of the image-plane 
hologram may itself be derived from a conventional hologram. If the image- 
plane hologram is backed with a mirror, its reconstruction may be viewed in 
reflection. Such holograms may be seen nowadays in many displays and are 
used on credit cards as a device to prevent counterfeiting. 


7.2 Optical Processing 


Optical processing and related areas are important branches of modern optics 
and cannot easily be done justice in a few pages. Here we offer an introduction 
and concentrate as usual on a physical understanding of what can sometimes 
require enormously complicated mathematical treatments. 

We begin by considering the standard optical processor of Fig.7.7. The 
object is illuminated by a coherent plane wave. Two identical lenses are placed 
in the locations shown in the figure. A simple, paraxial-ray trace will show 
that the lenses project an inverted image into the focal plane of the second 
lens. 

The principal planes of the processor do not exist (or, rather, they are 
located at oo). Still, we may use the Lagrange condition, hnu = constant. 


Fig. 7.7. Coherent optical processor. Solid lines show the path of the undiffracted 
light; dashed lines show how the image is projected by the lenses 
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combined with the symmetry of the system, to argue that the magnification 
is numerically 1. Thus, the processor projects a real, inverted image at unit 
magnification. 


7.2.1 Abbe Theory 


We now approach the processor from the point of view of wave optics. The 
treatment that follows is identical to parts of the Abbe theory of microscopy, 
and we use the term optical processing to include many of the techniques of 
microscopy. 

To simplify the explanation, let the object be a grating located in the 
object or input plane and centered about the axis of the system, as shown 
in Fig.7.8. The grating spacing is d and the width of the slits is b. For 
convenience, let us also take b = d/2. The focal plane of the first lens is 
known as the freguency plane for reasons that will become clear later. The 
far-field diffraction pattern of the grating is displayed in the frequency plane. 
The electric-field amplitude may therefore be described by (5.41) multiplied 
by the diffraction pattern (5.57) of a single slit; that is, 


sin(N@¢/2) sin 8 

sin($/2) B ' 
where ¢ = (1/A)dsin0 and 8 = (x/A)bsin@. The complex-exponential term 
is 1 if N is odd, so, again for convenience, we assume that N is odd and 
ignore the term. 


Following our discussion of the diffraction grating, we find that the diffrac- 
tion pattern consists of interference maxima located where 


mA = dsinü, m = 0, +1, +2, .... (7.15) 


In the paraxial approximation sin@ = ĝ, and principal maxima are located 
in the frequency plane at positions 


€=mAf'/d, (7.16) 


where € is the linear dimension in the frequency plane. Except for m = 0, the 
maxima may be grouped into pairs with orders +m and —m. The amplitudes 


E(0) = exp[-i(N — 1)6/2] (7.14) 


Fig. 7.8. Abbe picture of the microscope 
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of the two maxima that have order +m are proportional to the appropriate 
value of sin 8/2 in (7.14). 

Figure 7.8 shows how a beam with order m is focused approximately to 
a point by the first lens. Beyond the focal plane, the beam diverges and is 
recollimated by the second lens. Each pair of orders gives rise to a pair of 
collimated beams that fall onto the image or output plane. Because of the 
symmetry of the system, the beams arrive at that plane with the diffraction 
angle mA/d at which they left the plane of the grating. Therefore, those two 
beams give rise to an interference pattern, 


E) (z^) = cos(2mrz’/d)(sin 8/8) , (7.17) 


where z' is the dimension in the output plane. The term sin 8/8 results from 
the finite width of the slits. We are interested in its value only at the angles 
0 at which we find the amplitude maxima in the frequency plane; that is, 
when mA = dsin 6. For the case where b = d/2, we find that 6 = 7 /2m and, 
therefore, that sin 9/8 = 2/mm when m is odd and 0 when m is even. (The 
even-numbered orders are missing for the special case where b — d/2 only.) 

The total pattern in the output plane of the system is the sum of the 
electric-field amplitudes that result from all the orders. There is only one 
term with order 0. Its relative amplitude is 1 according to (7.17), so it adds 
a uniform value of 1/2 to the tota) amplitude. If there is a total of M orders, 
the total amplitude is 


M 

+ 2 cos(2mnz' /d)(2/m) , (7.18) 
m=i 

where the sum is taken over odd values of m only. This is identical with the 

Fourier-series expansion of a square wave. 

The value of M is determined by the numerical aperture of the first lens: 
Light that is diffracted into a high order will miss the lens entirely and not 
contribute to the diffraction pattern in the frequency plane. If the grating is 
comparatively small, the largest angle of diffraction that will pass through 
the lens is equal to the numerical aperture of the lens. Therefore, we may 
write the grating equation in the form 


MA-dNA, (7.19) 


from which we may easily determine M. 

The optical system will not detect the grating at all unless at least one 
diffracted order passes through the first lens. In that case, the amplitude in 
the x’ plane will be 


E(z') = 


nN] m 


E(z') = ; + (2/7) cos(272' /d) . (7.20) 


The intensity is the square of the amplitude and contains an extra term 
proportional to cos(4¢2'/d), because cos? a = (1 + cos? a)/2. The grating’s 
image is not a simple cos? intensity distribution, but its period is still d. 


168 7. Holography and Image Processing 


It will not be visible if only the zero-order light passes through the system. 
The limit of resolution of the system is the spacing d of the finest grating 
that can be detected - that is, the finest grating whose +1 and —1 orders 
pass through the system. We may find the limit of resolution by setting M 
equal to 1 in (7.19). The result is A/NA and differs slightly from our earlier, 
two-point resolution criterion. (In a one-dimensional analysis, that criterion 
yields \/2N A; imaging points is not exactly the same as imaging a grating.) 

If we allow the other orders to pass through the frequency plane, the 
grating becomes sharper than the sinusoidal fringe pattern and therefore 
more faithfully reproduces the object grating. We shall shortly return to this 
point in more detail. For now, let it suffice to say that the grating in the input 
plane will be recorded in the object plane only if the aperture in the frequency 
plane is large enough to pass both the 0 and either the +1 or —1 diffraction 
orders. It will be recorded as a sine wave, rather than as a square wave, but 
an image with the correct periodicity will nevertheless be detectable in the 
output plane. 

Until now, we have tacitly assumed that the object is an amplitude trans- 
mission grating, consisting of alternately clear and opaque strips. We may 
take a glimpse of the power of optical processing if we allow the object to be 
a phase grating - that is, one that is transparent, but whose optical thickness 
varies periodically with the dimension z of the input plane. Ordinarily, the 
object is nearly invisible, because it is wholly transparent. Nevertheless, it 
exhibits diffracted orders, and one way (though not the best way) to render 
it visible would be to locate a special screen or spatial filter in the frequency 
plane and permit only the orders --1 and 0 to pass through holes in the 
screen. Then, as before, the image would be easily visible as a sinusoidal 
fringe pattern with the proper spacing between maxima. Spatial filtering is 
thus able to transform objects that are substantially invisible into visible 
images. This is the principle of phase microscopy, which is treated in more 
detail subsequently. 


7.2.2 Fourier Series 


The amplitude distribution in the frequency plane is the Fraunhofer diffrac- 
tion pattern of the object in the input plane. If the object is complicated 
and is characterized by an amplitude-transmittance function g(z), we must 
generalize our earlier Fraunhofer diffraction integral to include a factor g(x) 
in the integrand, 


Ai eikr b/2 "nm 
E(0) = — / g(z)e" iksn Ordy (7.21) 
A r b/2 
or, in terms of the dimension £ in the frequency plane, 
b/2 .2mír 
E(6) = i g(z)e da: (7.22) 
—b/2 
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apart from the multiplicative constants. If we define a new variable fy, 


fs = EJA (7.23) 
we have 
b/2 l 
E( fz) = / g(z)e ?"f-*dr. (7.24) 
~b/2 


The term £/Af has units of inverse length and is called spatial frequency, by 
analogy with temporal frequency. 

Let us now return to the square grating in the input plane. For optical 
processing, we can most. conveniently calculate the diffraction pattern in the 
frequency plane by expressing the grating function as a Fourier series. For 
convenience, we center the grating on the optical axis. In this case, only the 
Fourier cosine series need be considered. 

According to the theory of Fourier series, any periodic function g(ó) may 
be expressed in the form 


1 
9(¢) = 9 40 + a4 cos @ + az cos 26 + a3 cos 3ó + ... 


+ b, sin ó + b; sin 20 + bg sin3@+.... (7.25) 
The values of the coefficients a, and b, may be found by multiplying both 
sides of the equation successively by cos $, cos 24, ..., sin o, sin2¢,..., and 


integrating from —7 to +7 with respect to @. 
The results are 


"ER - j gid) coóné dé (7.26) 
and 
lam JA 9g(ó) sin nó dó . (7.27) 


The square-wave grating centered on the axis is described by an even 
function, and we can verify that b, = 0 in this case. The a coefficients take 
the values, ao = 1,aı = 2/r,a2 = 0,a3 = —2/371,a4 = 0,.... This leads to 
the result (7.18) we obtained before on the basis of physical optics. 

The Fourier-series operation can be said to describe the grating in terms 
of its harmonics. The ao term is called the dc term, and the a, or bn terms are 
called the nth harmonics. Figure 7.9 shows the square wave, the de term, the 
result of including one harmonic and, finally, the result of adding the third 
harmonic. The more harmonics we include, the more nearly will the series 
sum approximate the square wave. 

Now let us examine the distribution of amplitude in the frequency plane. 
For a grating with many rulings, the amplitude is very nearly 0, except at the 
discrete points where the grating equation is satisfied. Thus, the amplitude 
is appreciable only at those points in the frequency plane where 
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g (9) 


AP 
= m—— 7.2 
m- ’ (7.28) 
or, in terms of spatial frequency, where 
fz2mj/d. (7.29) 


Each bright point in the frequency plane is one order of diffraction, and 
each pair of orders +m corresponds to the mth harmonic of the square-wave 
grating. 

Earlier, we arranged the optical processor to transmit only the +1 and 
the 0 orders of diffraction. The resulting image in the output plane was a 
sinusoidal grating. We now see that this grating is the first harmonic of the 
square wave. To project a good image of the square-wave grating, we must 
include many harmonics or, in other words, allow many diffraction orders to 
pass through the frequency plane. Figure 7.9, which shows the sum of the 
first few harmonics, also shows the effect in the output plane of restricting 
the frequency plane to only a few diffraction orders. The first lens of the 
processor is said to analyze the grating, the second to synthesize its image. 

The importance of this analysis lies in the fact that the synthesized image 
can be modified in a great number of ways by placing masks or phase plates in 
the frequency plane. For example, Fig. 7.10 shows the effect of excluding the 
first few orders and passing a few higher orders. The result is that continuous 
tones (low spatial frequencies) are not recorded, whereas sharp edges are 
brought out, or enhanced, because the amplitude far from the edges is small. 

The lower spatial frequencies carry information about the overall distri- 
bution of light in the input plane, whereas the high spatial frequencies are 
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Fig. 7.10. Edge enhancement 


g (>) 


required to reproduce sharp edges. This is generally true for all objects, al- 
though we have so far discussed only a grating object. 

Finally, we have described the optical processor in terms of amplitudes 
only. This is because the functioning of the processor depends entirely on 
interference and diffraction. To obtain the intensity in the output plane (or 
anywhere else) it is necessary to calculate the absolute square of the am- 
plitude. The image and object intensities, however, are not directly related 
to each other through the Fourier series. Since we observe intensity and not 
amplitude, this fact sometimes causes us to see artifacts in spatially filtered 
images. 


7.2.3 Fourier-Transform Optics 


In connection with Fourier series, we wrote the diffraction integral as 


b/2 
E(f.) = / , sr) exp(-2rifox)da (7.30) 


where g(x) is a mathematical function that describes the object in the input 
plane and E(f,) is a representation of the electric-field amplitude in the 
frequency plane. 

E( fx) greatly resembles the Fourier transform of g(x). To make the re- 
semblance perfect, we have only to define g(x) to be 0 outside the range 
—b/2 < x < b/2 and extend the range of integration from —oo to +00. The 
amplitude distribution in the frequency plane is then proportional to the 
Fourier transform G( fX) of g(x), 


G( fz) = a g(x) exp(—2z7if,x)dz . (7.31) 


-00 
We know from geometric optics that the processor casts an inverted image 
into the output plane. Thus, we define the positive z' axis to have the opposite 
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direction from the positive x axis. When the z’ axis is defined in this way, the 
amplitude distribution g'(z') in the output plane will be identical to that in 
the input plane. The theory of the Fourier transform shows that the inverse 
transform 


9 (z^) =| G( fz) exp(27iz’ fz)dfz (7.32) 


is also equal to g(a). We thus conclude that the second lens performs the 
inverse transform, provided only that the x’ axis be defined, as above, to take 
into account the fact that the system projects an inverted image. Needless to 
say, the fact can also be derived by rigorous mathematics. 


7.2.4 Spatial Filtering 


This term is usually used to describe manipulation of an image with masks 
in the frequency plane. We have already encountered some examples in con- 
nection with the Abbe theory and the Fourier series. 

The simplest kind of spatial filter is a pinhole located in the focal plane 
of a lens. It acts as a low-pass filter and is commonly used to improve the 
appearance of gas-laser beams. 

A gas-laser beam is typically highly coherent. The presence of small imper- 
fections in a microscope objective, for example, results in a certain amount of 
scattered light. In an incoherent optical system this is of minor importance. 
Unfortunately, the scattered light in a coherent system interferes with the 
unscattered light to produce unsightly ring patterns that greatly resemble 
Fresnel zone plates. 

Fortunately, the rings have relatively high spatial frequencies, so these 
frequencies can be blocked by focusing the beam through a hole that trans- 
mits nearly the entire beam. The hole should be a few times the diameter of 
the Airy disk of the focusing lens, so that very little other than the scattered 
light is lost. 

Another important spatial filter is the high-pass filter. This consists of a 
small opaque spot in the center of the frequency plane. The spot blocks the 
low-frequency components of the object's spatial-frequency spectrum and 
allows the high-frequency components to pass. We have already seen the 
result in Fig. 7.10: continuous tones are not recorded and edges are greatly 
enhanced. High-pass filtering or edge enhancement can be used to sharpen 
photographs or to aid in examining fine detail. 

Figure 7.11a shows a three-bar target with 10-um-wide lines. The picture 
was taken with a 40 x microscope objective. Figure 7.12 shows the intensity 
in the transform plane of the optical processor; the small square is located 
in the center of the plane to prevent the very bright zero-order light from 
saturating the photographic plate. The target has been processed with a 
high-pass filter that occupied approximately one-quarter of the frequency 
plane; that is, the filter blocked spatial frequencies up to one-quarter of the 
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Fig. 7.11. (a) Microscopic images 
of 10-um lines. Top, coherent image. 
Center, spatially filtered image. Bot- 
tom, spatially filtered quasi-thermal 
source 


Fig. 7.11. (b) Microscopic image of an 
integrated-optical waveguide. Top, unfil- 
tered. Bottom, same image spatially fil- 
tered [After M. Young, Appl. Opt. 28, 
1467-1473 (1989)| 


Fig. 7.12. Diffraction pattern of the lines 
in Fig.7.11 


174 7. Holography and Image Processing 


highest spatial frequency passed by the microscope objective. The intensity 
of such an image is low because most of the light is blocked by the spatial 
filter. but it can be seen readily with the aid of a video microscope (Sects. 3.5, 
7.4). 

The uppermost image is not spatially filtered. The central image shows 
the three bars spatially filtered with a helium-neon laser source (Sect. 8.4.4); 
the unsightly ring pattern is the diffraction pattern of the aperture stop of 
the microscope objective. To eliminate these rings, the bottommost image 
was exposed with a small quasi-thermal source (Sect. 5.7.3) whose coherence 
area was smaller than the diameter of the aperture stop. 

The edges of the lines are characterized by a minimum of intensity en- 
veloped by a halo; the minimum of intensity is related to the zero of amplitude 
in Fig. 7.10. It can be used as an aid to making dimensional measurements, 
but the halo is an unwanted artifact that sometimes makes spatial filtering 
undesirable for microscopic imaging of, say, biological specimens. 

Figure 7.11b is a transparent object, an integrated-optical waveguide, fil- 
tered like the lines in Fig. 7.11a. The upper, unfiltered image is not especially 
useful, but the lower image shows defects in the image and can be used to 
measure the width of the waveguide very precisely. 

Spatial filtering may also be used to remove unwanted detail from a pho- 
tograph or to identify a defect in a photograph. For example, Fig. 7.13 (left) 
is a photograph of an image on a liquid-crystal television receiver, an example 
of a spatial light modulator, that has been illuminated in transmission. The 
light source, a helium-neon laser, is coherent. The picture is composed of 
approximately 150 x 100 picture elements separated by the fine wires used to 
apply a voltage to the liquid crystals. The spacing of the wires determines the 
highest spatial frequency in the photograph. If we place the photograph in 
the input plane of the processor, we will see very strong diffraction orders in 
the frequency plane. These orders correspond to the harmonics of the grating 
formed by the horizontal and vertical lines. 


Fig. 7.13. Left, coherent image of a pair of pliers displayed on a liquid-crystal 
television monitor. Right, the same image spatially filtered to remove the grid. 
[Courtesy of Matthew Weppner| 
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To eliminate, for example, the wires from the image, we carefully insert 
two knife edges in the frequency plane (Fig. 7.14). We locate the knife edges 
so that they cut off the +1 and —1 diffraction orders of the grating but pass 
all lower spatial frequencies. The result is that the picture is passed virtually 
unchanged, but the lines are eliminated completely. The picture has not been 
blurred, and the finest details are still visible in the output plane. Only the 
lines are absent (Fig. 7.13, right). 

We can make more complicated and more useful frequency-plane masks 
by photography. For example, suppose we needed to compare two objects. 
The objects could be a set of alphanumeric characters, healthy and diseased 
cells, or transparencies suspected of having small defects. 

To begin, we place an object h(r) in the input plane. Its transform is 
H( fx). Suppose h(x) is a master of some sort, and we want to examine a 
set of reproductions g(x) for defects. Since photographic film responds to 
intensity, we record the square of H(f,) as a photographic negative and 
position the negative carefully in the frequency plane. A mask made in this 
way attenuates H (f) severely and transmits very little to the output plane. 

On the other hand, suppose g(x) is slightly different from h(x). Its trans- 
form G(fx) will not be precisely identical with H, and some light will pass 
through the frequency plane to the output plane. This light forms an image of 
the area in which there is a defect. In a complicated integrated-circuit mask, 
it is nearly impossible to find small defects visually; spatial filtering renders 
them easily visible. 

We can most easily see how this technique works by discussing an object 
made up of several gratings, each having a different spatial frequency. When 
we record the transform of the object, the negative will display several sets 
of dark spots corresponding to the orders of the different gratings. 

We now test a number of similar gratings. Suppose one of them contains 
a strip with the wrong spatial frequency. The light from that strip will pass 
through the frequency plane unobstructed. Geometric optics shows that an 
image of that strip will appear in the output plane. Similarly, if there is a 
defect in one of the gratings, light will be diffracted by the defect and will, 
in part, pass around the opaque areas in the frequency plane. The defect will 
thus be seen in the output plane. 

This technique works best on objects that have a relatively limited number 
of spatial frequencies and does not work well on objects that have a contin- 
uous range of frequencies. It has been applied successfully, for example, to 
the detection of defects in arrays of integrated circuits and photographically 


Fig. 7.14. Low-pass filter 
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reduced masks for manufacture of integrated circuits. For a more powerful 
method based on holography, see Sect. 7.2.6. 


7.2.5 Phase Contrast 


Many objects in microscopy are virtually transparent and, hence, nearly in- 
visible. They are often characterized by index-of-refraction variations that 
influence the phase of a transmitted light wave. Zernike’s phase-contrast mi- 
croscopy provides a way of viewing such invisible phase objects. 

As before, we begin for simplicity by considering a grating in the input 
plane of an optical processor. This time, however, we assume the object to be 
transparent but to have index or thickness variations such as the grating in 
Fig. 7.15. Such an object is described by an amplitude-transmittance function 


g(x) = e*9 , (7.33) 
where $(z)is the phase variation across the objcct. 


If the phase variation is small, we may expand the exponential in a Taylor 
series and drop all but the first two terms, 


g(x) ~ 1+ id(ax). (7.34) 


If the amplitude destribution in the frequency plane is not manipulated with 
a spatial filter, the image in the output plane will be identical to that in the 
input plane; that is, 


g'(z') = 1+id(2’) . (7.35) 
The irradiance in the output plane is just 
lg (z^) =1+ P(c'). (7.36) 


To first order in ¢, this is just 1, as we would expect. 
Let us examine the electric-field amplitude distribution 


b/2 l 
G(f.) = i [1 + iġ(z)je-!?" itda (7.37) 
~b/2 
in the frequency plane. We may divide the integral into two terms, 
G(fz) = Gi(fr) + iGa(fr) . (7.38) 
D t 
Qt 
— 


Fig. 7.15. Zernike's phase-contrast 
microscopy 
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The first term 
b/2 
Gi(fz) = f o etd (7.39) 


—b/2 
is just the diffraction pattern of the aperture located in the input plane. We 
may think of it as zero-order diffraction. G; therefore describes the Airy disk, 
a sharp, bright point of light in the neighborhood of the point f, = 0. G, is 
nearly 0 at all other points in the frequency plane. The second term 


b/2 
Go(z) = f p(x)?" Tdr , (7.40) 
—b/2 
is the diffraction pattern of the phase object and corresponds to an amplitude 
distribution in the frequency plane. It is identical with the diffraction pattern 
of an object whose amplitude transmittance is ó(r). Because ó(r) « 1, the 
diffraction orders are much weaker than the central order. 
Further, the term G2(a) is preceded by a factor i. Because 


ei/2 =i, (7.41) 


this factor corresponds to a phase difference of 7/2 between the zero order 
and the higher orders. 

We could retrieve the information about the phase object by placing a 
high pass filter in the frequency plane. The second lens would synthesize 
an amplitude pattern from the higher orders. Unfortunately, this technique 
would be inefficient because most of the energy passes through the central 
spot, and it would also exclude low-frequency information. 

Instead, we locate a phase plate in the frequency plane. Such a plate is 
usually a good optical flat with a layer of transparent material deposited in 
the center. We choose the thickness of the transparent layer so that it changes 
the phase of the G; term by 7/2, while leaving the G2 term as a whole intact. 
The layer must be deposited over an area roughly equal to that of the Airy 
disk. 

The presence of the phase plate changes the amplitude distribution in the 
frequency plane from G(f,) to 


G'(fz) = i1Gi (fr) + Go(fr)] . (7.42) 


The G; and G2 terms are now in phase with one another. 

The second (or synthesizing) lens performs an inverse transform on G'( fx) 
giving an image g'(z'). Because G, represents the entire input plane, its 
inverse transform is a constant (which we took to be 1). G% is the transform 
of the grating function ó(z), so the inverse transform of G2 is an amplitude 
grating with the same spacing as the original phase grating. Thus, 


g'(x") = ifl + $(2)]. (7.43) 


The factor of i is common to both terms and is therefore inconsequential. It 
vanishes when we calculate the intensity, 
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lo'(z^)^ ~ 1+ 29(2’) . (7.44) 


to first order in ¢. Not only has the phase plate rendered the object visible, 
but it has also rendered the intensity variations proportional to the phase 
variations in the original object. 

Although we used a grating for conceptual simplicity, the mathematics 
have been completely general, and phase-contrast microscopy can be used 
for any phase object for which $(r) < 1. When ¢ is large, the technique 
will allow phase objects to be visualized, but the intensity variations will no 
longer be proportional to the phase variations. 

Phase contrast is used primarily in microscopy to observe minute, trans- 
parent structures that have different indexes of refraction from the index 
of their surroundings. To increase contrast, phase contrast is often combined 
with high-pass filtering; that is, the phase-contrast filter includes a metal film 
with a transmittance of 10 or 20%, as well as the phase plate. Unfortunately, 
the phase-contrast image exhibits a halo like that in Fig.7.11. To increase 
efficiency, commercial phase-contrast microscopes use an annular condensing 
lens and an annular filter, but the principle is the same. 


7.2.6 Matched Filter 


This is a kind of spatial filtering that can be described adequately only with 
Fourier-transform optics. It is closely related to holography in that a reference 
beam is introduced in the frequency plane. Figure 7.16 shows the first half 
of the processor, with a collimated reference beam falling on a photographic 
plate located in the frequency plane. The reference beam makes an angle 0 
with the normal to the plate. Thus, the (complex) amplitude on the plate is 


exp (ie sin ) = exp(-27iaf,) , (7.45) 


where a = f'sin8. If the input to the processor has amplitude h(x), then the 
total amplitude falling on the plate is 
H(fe) t e n, (7.46) 


and the film records intensity 


Fig. 7.16. Synthesis of matched 
filter 


a 
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I (fe) =1+ H*e?riofz 4 Herol 4 H}? . (7.47) 


If the variation of exposure along the plate is small enough, the amplitude 
transmittance t(f,) of the developed plate will be roughly proportional to 


I( fx), so 
t(fr) = 1+ H*e-?rief« 4. Herol 4 |H}, (7.48) 


apart from a multiplicative constant. 

Suppose, now, that we place the developed film in its original location in 
the frequency plane. We replace the object with another, whose amplitude 
transmittance is g(x). The amplitude of the wave leaving the frequency plane 
is the product of t( fx) and G(f,). The important terms are 


GH*e ?*ief. 4 (; ge2riof. | (7.49) 


Suppose first that the inputs g and h had been identical. Then the first term 
would become 


GH*e-?ri^fs us | grito Ode (7.50) 


Because |H |? is real, the first term describes an amplitude-modulated plane 
wave traveling in precisely the same direction as the original reference wave. 
The second lens focuses the wave to a sharp point. 

In general, however, g and h are different and GH* is not real. The wave 
is therefore only roughly a plane wave and is not focused to a sharp point. 
Rather, it becomes a more diffuse spot in the output plane. 

This principle may be used in pattern recognition or character recognition, 
in which a filter is made and used to distinguish between h and a family of 
characters, gj, go,.... This type of filter is known as a matched filter. The 
output plane distribution in the neighborhood of the focused beam is equiv- 
alent to the mathematical cross-correlation function between the characters 
g and h. 

The term GH, incidentally, is almost never real, even if g = A, but results 
in a second distribution known as the convolution of g and h. Convolution and 
cross-correlation are shown in Fig. 7.17, where we assume that the reference 
beam has ben introduced from above, as in Fig. 7.16. 


G(f,) Convolution 


Correlation 


ff) 


Fig. 7.17. Cross-correlation and convolution from a matched filter 
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Matched filtering is closely related to holography; the matched filter is no 
more than the hologram of the object’s Fourier-transform, that is, a Fourier 
transform hologram. However, the hologram is worked in reverse, and the 
object wave is used to reconstruct the reference beam. 


7.2.7 Converging-Beam Optical Processor 


The optical processor shown in Fig. 7.7 is often chosen for precise applications 
because both the transform and the image lie on planes (provided that the 
lenses are properly designed for imaging and for Fourier transformation). 
When a flat field is not important, however, an optical processor may be set 
up with a single lens, as in Fig. 7.18. This is sometimes called a converging- 
beam optical processor. The lens may be anything from a microscope objective 
to a telescope doublet or a high-quality enlarging lens, depending on the size 
of the object and the need for precision. 

The lens projects the image of the source S into the transform plane T. 
The transform of the object O does not really lie in a plane but on a sphere. 
The projection of the transform onto the plane is equal to the transform 
multiplied by a phase factor with the form exp(iA£?), where A is a constant. 
The argument of the exponential function is known as a quadratic phase 
factor, the quadratic form is the result of the sag formula (5.65). In many 
instances, such as spatial filtering, the phase factor has no importance, so the 
converging-beam processor may be adequate. 

The transform plane lies a distance l from the lens, not f', as before. 
This results in scaling the transform by the factor I} /f’ = (1 — m), where m 
is the magnification of the source. That is, the factor f' in previous equations 
[such as (7.23)] must be replaced by 1. 

The image I is located in the plane predicted by geometrical optics. In 
essence, the lens automatically performs the inverse transform. The image 
also lies on a sphere (that is generally true of lens systems), but again this 
may have no consequence. The magnification may be varied by translat- 
ing the object and the image planes axially; this is one advantage of the 
converging-beam optical processor over the two-lens arrangement of Fig. 7.7, 
whose magnification is always 1. 

Most optical processing may be carried out with the converging-beam 
processor as with the conventional system, except for the scale changes of 
image and transform. 


Fig. 7.18. Converging-beam optical 
processor 
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The converging-beam processor has an additional advantage in cases 
where only the transform (not the image) is desired; this may be the case in 
certain electronic applications where the Fourier transform of an electronic 
signal is to be generated optically. 

Suppose that the object of Fig.7.7 has fine detail near the edge of the 
field. To resolve that detail with the correct spatial frequency, the lens will 
be required to transmit both the +1 and —1 diffraction orders. Therefore the 
lens will have to be larger than the object. If we require diffraction-limited 
performance at the edge of the object, the lens diameter will have to be 
equal to h + Af' /d, where h is the radius of the object and d is the required 
resolution limit. This can result in a lens diameter twice that required for the 
same resolution limit on the axis. 

To see this, suppose we require a resolution limit d; then the lens diam- 
eter D will be 2Af'/d. Because the incident light is collimated, the largest 
useable object height is D/2; however, near the edge of the object, no spatial 
frequency will pass both the +1 and —1 orders through the lens. To ensure 
that both orders pass through the lens, we would have to increase its diame- 
ter by Af'/d, while leaving the object's diameter unchanged. This results in 
a diameter of 2D, or twice the object diameter. 

The resolution limit of the lens is now A/'/D at the edge of the object and 
Af'/2D at the center (if the lens is diffraction limited). Therefore, to achieve 
the required resolution limit away from the axis, we require a high-aperture 
lens that, on the axis, displays higher performance than we require. 

The same effect need not occur with the converging-beam apparatus; 
the object may be placed in contact with the lens (and on either side of 
it). Because there is no separation between the object and the lens, beams 
diffracted from all positions on the object pass through the lens; the lens need 
be no larger than the object to pass diffraction orders from extreme points 
on the object. 


7.3 Impulse Response and Transfer Function 


7.3.1 Impulse Response 


Consider, for the moment, an object that consists of a single point. The image 
of that object is not a point, but rather it is a small, diffuse spot. If the lens 
is diffraction limited, the image is the Airy disk; otherwise, the image is a 
spot whose properties are determined by the aberrations of the lens. In either 
case, the image of a single point is known as the point-spread function or the 
impulse response of the system. 

In systems that employ coherent light, where we add amplitudes, the 
appropriate impulse response is the amplitude image of a point source. With 
diffraction-limited optics, the impulse response is the amplitude diffraction 
pattern of a point source; otherwise, in an aberration-limited system, it is the 
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Fourier transform of the amplitude distribution across the exit pupil of the 
lens. This amplitude distribution is known as the pupil function P. 

Similarly, in systems employing incoherent light, where we add intensities, 
the appropriate impulse response is the intensity image of a point source. 
The intensity impulse response is thus the absolute square of the amplitude 
impulse response. 

When a system is diffraction limited, the impulse response is just the 
diffraction pattern of the aperture. In one dimension, this means either 
sinc 8 = (sin 3)/B or its square (Fig. 5.13), depending on whether the light 
is coherent or incoherent; see (5.59a) and (5.59b). In a two-dimensional sys- 
tem that has circular symmetry, the sinc function must be replaced by the 
sombrero function somb 3 = 2J1(8)/8, where Jı is a Bessel function. The 
sombrero function resembles a sinc function that has been rotated about 
the 8 = 0 axis; most conclusions about one-dimensional systems also apply 
qualitatively to two-dimensional systems. 

Systems whose impulse response does not vary with the positions of object 
and image are known as shift invariant. (Sometimes they are called aplanatic, 
but this definition of aplanatic is not quite the same as the lens designer's defi- 
nition.) In the following pages, we assume that the systems are shift invariant. 
(In reality, however, coherent-optical systems are never shift invariant. To see 
this, consider a small grating well off the axis of a lens. The lens may trans- 
mit a larger number of positive diffraction orders than negative; as a result, 
the appearance of the image will be different from that of an on-axis object. 
Fortunately, an optical system can usually be considered shift invariant over 
a small region around the optical axis. See Sect. 7.2.7.) 

What is the image of an extended object when the impulse response of 
the lens is r(x’)? Suppose that the object is illuminated incoherently and that 
the intensity in the object plane is I(x). Because the image of a point is a 
spread function, each point z' in the image plane contributes to the intensity 
I'(z;) at a particular point zi Therefore, the image intensity /'(z/) must be 
expressed as an integral over the entire x’ plane, though often an integral 
over a few Airy-disk diameters will suffice. 

Consider a point x in the object plane. It gives rise to a spread function 
surrounding the point 2’ in the image plane. If z' is located a distance £ from 
Ti, then the contribution of the point z' to the intensity at z; is proportional 
to r(£), the value of the impulse response at z! (Fig. 7.19). 

Further, we assume that the contribution of the point z' is proportional 
to the intensity of the geometric-optics image at z'; that is, we assume that 
bright object points contribute proportionately more than dim ones. The 
geometric-optics image intensity [7(z') has the same functional form as the 
object intensity I(x) but is scaled to take into account the magnification of 
the optical system. The distribution of intensity in the image is therefore 
given by the integral 
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Fig. 7.19. Intensity at image point z; 
I(x’) due to a neighboring image point lo- 
cated at z', a distance away from zi 


r(5) 


oo 
I'(zj) zi I (z')r(z; — z')dz' , (7.51) 
-00 

where we have used the fact that € = xi — z', as shown in Fig. 7.19. In the 
language of Fourier theory, the image intensity is the convolution of the object 
intensity and the impulse response of the lens. 

Similarly, when the light is coherent, the distribution of electric-field am- 
plitude in the image is the convolution 


E' (zi) = f E, (1')r.(z; — 2')dz' (7.52) 


where re represents the amplitude or coherent impulse response and 124 repre- 
sents the image amplitude predicted by geometrical optics. The distribution 
of intensity in the image is the square of the convolution, not the convolution 
itself, when the light is coherent. This is analogous to the rule to add inten- 
sities when light is incoherent, but to add amplitudes, then square, when the 
light is coherent. 

Convolution between two functions may be visualized as inverting one of 
the functions and sliding it across the other. A simple change of variables in 
(7.51) or (7.52) shows that either function may be slid across the other with 
the same result. To calculate the value of the convolution function at each 
position along the horizontal axis, multiply the two functions together and 
integrate the result; this is the value of the convolution at that point. Repeat 
the operation at every point to generate the complete convolution function. 
For more detail, see Sect. 7.4.3. 


7.3.2 Edge Response 


If the object is a sharp edge, its image is the convolution of a step function 
with the impulse response of the lens. This image is called the edge response; 
it is a function of amplitude when the light is coherent and a function of 
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Fig. 7.20. Diffraction-limited im- 
ages of an edge. Solid curve, coher- 
ent light. Short dashes, incoherent 
light. Long dashes, scanning confo- 
cal microscope. [Courtesy of Gregory 
Obarski] 
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intensity when the light is incoherent. The edge response is not defined when 
the light is partially coherent. 

For simplicity, consider the one-dimensional case with incoherent light. If 
we replace J) in (7.51) with a step function, J{(z') = 1 when z' < 0 and 0 
otherwise, we find that the value of the edge response at any point 2} is 


I'(zi) = I r(x; — z')dz' . (7.53) 
0 
If we let £ = zi — zi, we find that 
ra=- f «eu f ea, (7.54) 


which is just the integral of the impulse response from —oo to x. The integral 
is similar in two dimensions, except that integration is taken over the entire 
y axis as well. 

Figure 7.20, short dashes, shows the edge response of an incoherent, 
diffraction-limited system in two dimensions. The horizontal axis is expressed 
in units of the resolution limit RL = 1.221\f'/D, (5.62). Because the im- 
pulse response is always positive, the integral (7.54) rises steadily, and the 
edge response approaches its asymptotes 0 and 1 only relatively slowly. 

When the light is coherent and specular (Sect. 5.7), we must calculate the 
coherent edge response (in electric-field amplitude) and then square the result 
to find the intensity; the intensity function itself is not the edge response. In 
one dimension, the coherent impulse response of a diffraction-limited lens is 
proportional to (sin 2/8). Away from the principal maximum, this function 
is oscillatory; this oscillation in turn gives rise to oscillation, or edge ringing, 
in the edge response and therefore in the image of an edge. The solid curve 
in Fig. 7.20 shows the image of an edge calculated for a diffraction-limited 
system in two dimensions. Very near the edge, there is an overshoot of nearly 
20 ?6. This overshoot gives rise to artifacts in images that contain many sharp 
edges. Incoherent images are free of these artifacts because the edge response 
in incoherent light does not display edge ringing. 
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Finally, because the impulse response of a rotationally symmetric lens is 
rotationally symmetric, the geometrical image of the edge may be Jocated, 
when the light is incoherent, by finding the position at which the value of 
the intensity is 1/2 the asymptotic value. When the illumination is coherent, 
the edge may be found by locating the position at which the amplitude is 
1/2 the asymptotic value; squaring to get the intensity, we find that the 
geometrical image of the edge is located at the point where the intensity is 
1/4 the asymptotic value. We call these values the respective edge-finding 
levels. 


7.3.3 Impulse Response of the Scanning Confocal Microscope 


Suppose that a scanning confocal microscope (Sect. 3.6) is illuminated with a 
laser, so the light may be considered highly coherent. The impulse response of 
this microscope is not obvious but may be deduced from a simple argument. 

The microscope in Fig. 7.21 is shown for clarity as a transmission micro- 
scope, but the argument applies equally to reflection microscopes. Assume 
that the objectives are identical and that the object is scanned across their 
common focal plane. For convenience, take the magnification of the second 
objective to be 1. 

The impulse response of any coherently illuminated optical system is by 
definition the amplitude image of a point source. In a scanning microscope, 
however, the image is generated by scanning an object across the object 
plane, that is, the plane that contains the image of the source. Therefore, the 
impulse response we seek is the image obtained by scanning a tiny pinhole -- 
a mathematical point — across the object plane; that is, it is the amplitude 
that falls on the detector in the image plane as a function of the position of 
the pinhole in the object plane. This pinhole is a mathematical construction 
and should not be confused with a real pinhole such as that in front of the 
detector. 

Figure 7.21 shows the impulse response h;(x) of the first lens Lı. The 
fictitious pinhole is located a distance x; from the axis, that is, from the center 
of the impulse response of L;. The electric field amplitude transmitted by the 
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Fig. 7.21. Scanning confocal microscope 
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pinhole is h; (ri). Because the pinhole is infinitesimal, its far-field diffraction 
pattern is a uniform wave; the amplitude that falls onto the second lens L» 
is proportional to h,(z;). Because the wave that falls onto L2 has constant 
amplitude, the image that L2 projects onto the plane of the detector is just its 
impulse response h;(z'), where we assume that h = hi. Because the pinhole 
is off-axis by xı, however, the center of that impulse response is located at 
zr}, the position of the geometrical image of the pinhole. The distribution of 
amplitude in the detector plane is therefore proportional to h;(z:)-hi(x —z'). 

Consider now the case where an infinitesimal pinhole lies in front of the 
detector, where x’ = 0. The net amplitude incident on that pinhole is hy(x,)- 
hi(zi). Because the magnification is 1, z} = zı, and the amplitude incident 
on the pinhole is [hi(zi))?. That is, the impulse response of the scanning 
confocal microscope is the square of the usual impulse response for coherent 
light — even though the light is coherent. If the lenses are not identical or 
if the magnification of L2 is not 1, the impulse response of the microscope 
is just the product of the impulse response of Lı and that of L4 as seen 
in the object plane; that is, the diffraction pattern in the detector plane is 
projected through L2 into the object plane and demagnified accordingly to 
find the effective impulse response in the object plane. 

This result — that the impulse response of the scanning confocal micro- 
scope is the square of the ordinary coherent impulse response - has an im- 
portant consequence. If a lens is diffraction limited, its coherent impulse re- 
sponse displays strong oscillation outside the principal maximum (see also 
Sect. 5.7.2). The image of a sharp edge as a result displays a significant over- 
shoot. In the scanning confocal microscope, by contrast, the impulse response 
has the same functional form as that of an incoherent system and therefore 
displays a secondary maximum of only 4% of the principal maximum and no 
undershoot. Even though the light is coherent, therefore, images in the scan- 
ning confocal microscope do not suffer from the edge ringing that coherent 
systems usually display. 

Further, the image of an isolated point is the square of the sombrero func- 
tion in a conventional microscope, whether coherent or incoherent (though 
the edge responses are different). In a scanning confocal microscope, how- 
ever, the image of a point is the square of its impulse response, or the fourth 
power of the sombrero function. Figure 7.22 compares the image of an iso- 
lated point in a conventional microscope (solid curve) and a scanning confocal 
microscope (dashed curve). The dashed curve is the square of the solid curve. 
Besides being narrower by about 3096, the dashed curve displays no visible 
secondary maximum and is therefore said to be apodized (Problem 7.8). 

Finally, the detected image of an edge in a scanning confocal microscope 
is the square of the coherent edge response. It is shown as the long dashes 
in Fig. 7.20 and is slightly sharper than the image in a conventional, incoher- 
ent microscope. The scanning confocal microscope can be used to measure ` 
linewidth with precision less than 0.1 pm and, because of the coherence of the 
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Fig. 7.22. Images of an isolated 
point. Soltd curve, conventional mi- 
croscope either coherent or incoher- 
ent light. Dashed curve, scanning 
confocal microscope. [Courtesy of 
Gregory Obarski] 
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light, may present fewer problems of analysis than conventional microscopes 
(Sect. 7.4.5). 


7.3.4 Image Restoration 


This is a very powerful technique whereby an image (usually a recorded 
image) that has been blurred in a known way may be sharpened or deblurred. 
The simplest case to analyze is that of blurring by steady, one-dimensional 
motion. For example, suppose that a camera has moved a distance z} during 
the exposure of a transparency. Then the image of a single point will be a 
line whose length is zı. That is, the impulse response is 


r(r)z1, -71/2 < z < n/2 (7.55a) 
and 
r(z)=0, otherwise. (7.55b) 


We place the transparency in the input plane of an optical processor and 
illuminate it coherently. The amplitude in the frequency plane is the Fourier 
transform of the impulse response, 


E(fz) = 2izisinc (7 fz21) , (7.56) 


where sinc a = (sina)/a (Problem 7.10). 

The Fourier transform of a single point is a constant; this is the frequency- 
plane amplitude we would like to have had. Therefore, we devise a filter whose 
amplitude transmittance is 


t( fz) x L/sinc (rfzz1). (7.57) 


The filter can only be approximated, because there are zeros in the denomi- 
nator. The filter must also include the phase shift of + at those values of Fa 
where the sine changes sign or, equivalently, where t( fx) undergoes a phase 
shift of m. Such filters are complicated to fabricate and are best done using 
techniques of matched filtering or holography. The effect of such a filter is to 
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correct the amplitude distribution in the frequency plane by making it more 
nearly uniform. The second lens of the processor is then exposed to a nearly 
uniform plane wave, which it focuses to a point. This is the deblurred image 
we seek. 

This treatment has tacitly assumed an object that consists of a single 
point. In reality, the Fourier transform of a complicated object is the super- 
position of the transforms of all the blurred points in the transparency. We 
may see this by considering the transparency to be a screen that consists 
of many identical apertures; each aperture represents the blurred image of 
a point. According to Fraunhofer-diffraction theory, the diffraction patterns 
of these apertures are centered on the axis of the system and are identical 
except for phase. (This result may be expressed mathematically by the con- 
volution theorem.) Thus, the transform of the blurred transparency will be 
very similar to the transform of the impulse response; it is possible to show 
rigorously that the optimum deblurring filter remains the reciprocal (7.57) of 
the sinc function in the general case. 

A precisely similar analysis applies to the two-dimensional case in which 
the image is blurred by defocusing. If the exit pupil of the optical system 
is circular, the impulse response is a uniformly illuminated circle, and the 
Fourier transform is proportional to a sombrero function and has radial sym- 
metry. The deblurring filter is the reciprocal of the Fourier transform. 


7.3.5 Optical Transfer Function 


Let the object intensity vary sinusoidally with dimension z in the object 
plane; then the geometric-optics image in the image plane varies sinusoidally 
with x’. For convenience, we use complex-exponential notation and describe 
the geometric-optics image by the expression 


F(a’) = efron, (7.58) 


If the impulse response of the optical system is r(x’), then the image intensity 
I (xj) is 


I'(z!) = f eif? (g! pde, (7.59) 


—00 
If we change variables, letting £ = rj — x’, we find that 
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The image intensity is equal to the object intensity (or the geometric-optics 

image intensity) multiplied by a factor known as the optical transfer function 

T(fx), where 


T(fz) = f i r(z')e ?r/«* da’ (7.61) 
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and we have replaced the dummy variable € with the variable z’. The optical 
transfer function is equal to the Fourier transform of the impulse response. 
It is a measure of the properties of the image of a sinusoidal grating of 
specified spatial frequency. (fx is the spatial frequency of the image; the 
spatial frequency of the object is f, divided by the magnification of the 
optical system.) 

The magnitude of the optical transfer function is called the modulation 
transfer function, frequently abbreviated MTF. The MTF is a measure of 
the contrast of the optical image at a specified spatial frequency. At high 
spatial frequencies, the MTF becomes very small or 0; image detail cannot be 
detected at these spatial frequencies, because 1/ f, is less than the resolution 
limit of the optical system. Unlike resolution limit, however, the MTF gives 
information regarding the character of the image at all spatial frequencies. 

The phase of the optical transfer function, or OTF, is not in general 0. A 
nonzero phase term indicates a shift of the pattern from the position predicted 
by geometric optics. In particular, the phase of the OTF is sometimes equal to 
7; then, the image of a sinusoidal grating is shifted from the geometric-optics 
image by precisely one-half period. The phenomenon occurs, for example, 
when detail is below the limit of resolution of a defocused optical system. 
It is known as spurious resolution; Fig. 7.23 shows how spurious resolution 
can occur as a result of the overlapping of defocused bar images. In (c), the 
blurred three-bar pattern appears as two bars with low contrast and 7 out 
of phase with the well-resolved image. 
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Fig. 7.23a-c. Spurious resolution. (a) Well-resolved 
bar images. (b) Unresolved. (c) Spuriously resolved 


7.3.6 Coherent Transfer Function 


Using precisely the same reasoning as above, we can show, for the coherent 
case, that the electric-field amplitude E’(x/) in the image plane is given by 
the relation 


E'(zi) = a E, (z')h(z; — x’)da’ , (7.62) 
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Fig. 7.24. Truncated-wave analy- 
sis of the coherent transfer function 


where E,(z’) is the amplitude image predicted by geometric optics and h 
is the amplitude impulse response. Similarly, the coherent transfer function 
H( fx) is the Fourier transform 


H( fz) = T h(z')e 277 dy’ (7.63) 


of the coherent impulse response. 
The coherent and incoherent impulse responses are connected by the re- 
lation, 


r(x’) = |h(z^)* . (7.64) 


7.3.7 Diffraction-Limited Transfer Functions 


A simple, geometrical argument may be used to calculate the coherent trans- 
fer function of a lens. 

First, consider a sinusoidal grating. We may visualize the grating as re- 
sulting from the interference of two plane waves. If the period of the grating 
is d, then its spatial frequency is 


fe = 1d. (7.65) 


From the grating equation, mà = dsin@, we find that the angle between 
either wave vector and the normal to the plane of the grating is related to 
the spatial frequency of the grating by the equation 


fe = 6/2, (7.66) 


where we assume that @ is sufficiently small that sin 6 = 9. 

We may write any object distribution alternatively in terms of the angular 
distribution of plane waves it diffracts; such a representation is known as 
the angular spectrum. As in calculating the coherent transfer function, it is 
sometimes convenient to trace plane waves through an optical system, rather 
than to consider individual object points. 

Suppose that the sinusoidal grating is placed in the object plane of an 
optical system as in Fig.7.24. The grating is assumed to be much larger 
than the entrance pupil of the optical system. Pairs of waves composing the 
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Fig. 7.25. Coherent (C) and incoher- 
ent (I) transfer functions of a diffraction- 
limited optical system 


T(f) 


angular spectrum of the grating pass through the lens but are vignetted by 
the finite aperture. Each plane wave therefore illuminates only a finite area 
of the image plane. If the two truncated waves overlap, we see a sinusoidal 
interference pattern that we associate with the image of the grating. That is, 
the grating is visible in the image plane only where the two waves overlap. 
Where the waves do not overlap, the interference pattern is not seen, and the 
grating image is not transmitted by the lens. 

On the axis of the lens, the waves with m = +1 will overlap until the angle 
0 becomes greater than a certain value. This occurs when both truncated 
waves barely touch the axis. (For simplicity, only one of the waves is shown 
in Fig. 7.24.) The width of the illuminated area w produced by one of the 
waves is given by 


w/(l — f) D/F, (7.67) 


where D is the diameter of the lens. Because I’ = f'(1 — m), we find that 
w = mD, where m is the magnitude of the magnification. 

At cutoff, one of the extreme rays from each bundle intersects the axis in 
the plane of the image. Then 


0. = w/2l' , (7.68) 


where 6. is the value of 0 at cutoff. Using the relation between w and D, and 
the definition m = /'/l, we find that 


06 — DIAM. (7.69) 
or, in terms of spatial frequency, 
fe = D/2X . (7.70) 


fe is known as the cutoff frequency; objects with spatial frequencies higher 
than f. are not recorded by the lens. Further, when images are recorded, 
they are recorded with high contrast because both plane waves have the 
same amplitude and are coherent with one another. The coherent transfer 
function is 1 out to the cutoff frequency and falls abruptly to 0 thereafter, as 
shown in Fig. 7.25. 


192 7. Holography and Image Processing 


The cutoff frequency f; observed in image space, rather than object space, 
is 
fe = fc/m = D/2AU . (7.71) 


The (incoherent) optical transfer function is difficult to calculate by this 
approach. A spatially incoherent source may be regarded as a spatial dis- 
tribution of mutually incoherent point sources. Each such source illuminates 
the object from a different angle and therefore gives rise to an interference 
pattern somewhat displaced from the patterns of other sources. These inter- 
ference patterns must be added incoherently. 

One result of using an incoherent source is that detail can be seen up to 
the spatial frequency 2f.. This is so because part of the source is located off 
the axis of the system. 

Further details of calculating the optical transfer function are left to the 
references. The result is that the MTF of a diffraction-limited lens decreases 
linearly with increasing spatial frequency, as shown in Fig. 7.25. The MTF 
falls to 0 at twice the cutoff frequency 2/.; it remains 0 at higher frequencies. 

It may be tempting to infer that an incoherent image has twice the re- 
solving power of a coherent image. We have seen, however, in our discussion 
of speckle and limit of resolution that coherent and incoherent imaging are 
different in kind; therefore no such inference is justified. 

The transfer function of a lens that has aberrations decreases rapidly with 
increasing spatial frequency. The MTF may fall to 0 at a spatial frequency 
nearly an order of magnitude less than 2f.; it remains small thereafter and 
is identically 0 beyond 2f.. The resolution limit of such a lens is poor, and 
certain spatial frequencies are completely absent from the image. 


7.3.8 MTF of Photographic Films 


The concept of MTF is not restricted to lens systems but may be extended to 
other imaging devices such as television cameras and screens or to a medium 
such as photographic film. The MTF of the photographic emulsion may be 
defined as the contrast of the recorded image when the object is a sinusoidal 
grating with unit contrast. The MTF of a particular emulsion is 1 (or even 
slightly more than 1) for low spatial-frequency gratings. At higher spatial 
frequencies, it falls off rapidly because of scattering within the emulsion. The 
resolving power of the film is equal to the spatial frequency at which the 
MTF falls to 0.1 or 0.2. 

The MTF of a film-lens combination is equal to the product of the in- 
dividual MTFs. Unfortunately, the MTF of a combination of lenses is not 
the product of the MTFs of the individual lenses but must be calculated or 
measured for the complete system. This is so because one lens could correct 
(or worsen) the aberrations due to another lens, whereas film records the 
intensity distribution in the image plane of a lens, modified by its own MTF. 
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7.4 Digital Image Processing 


7.4.1 Video Camera 


A modern video camera consists, in essence, of an array of about 780 x 480 
semiconductor detectors (Sect. 4.3), most commonly charge-coupled devices, 
or CCDs. The physics of the CCD array is not important here, but it is 
relevant that the array consists of silicon detector elements and is sensitive 
to wavelengths from about 400 nm (blue) to 1.1 um (near infared, or ir). Most 
cameras are therefore equipped with an ir-cutting filler or window directly 
over the array. The filter is important in part because most lenses display 
unacceptable chromatic aberration unless the illumination is somehow limited 
to the visible spectrum. For work with nearly monochromatic sources at 
850 nm or 1.06 iim, however, the filter must be removed or replaced by a 
clear-glass window. 

The CCD array is rectangular, and a typical array in North America has 
dimensions of 8.8 x 6.6 mm, horizontal by vertical. Each detector receives a 
portion of the image known as a picture element, or pirel. Unfortunately, 
it is not practical to transmit the output (usually a voltage) of each pixel 
individually. The array is therefore scanned horizontally, and the information 
about each row is transmitted as an analog voltage as a function of time. 

In North American television systems, rows are not transmitted sequen- 
tially, but rather odd rows are transmitted first and even rows next. A picture 
transmitted this way is interlaced. A set of odd rows or even rows is called 
a field; two consecutive fields are a frame. Usually, one complete frame is 
transmitted (and displayed on a monitor) about every 1/30s, or two cycles 
of the power line frequency of 60 Hz. European television systems transmit 
one interlaced frame of 625 lines at the line frequency of 50 Hz. 

The signal transmitted by even a black-and-white video camera is com- 
plex. The image itself is a positive voltage waveform less than 1 V. Preceding 
each line is a negative-voltage pulse called the horizontal-trigger pulse; each 
field is preceded by a vertical-trigger pulse. The pulses collectively are called 
composite synch (short for synchronization), and the signal and the synch 
together are called composite video. Color video is similar but more complex, 
and we will not discuss it here. 

A frame digitizer, or frame grabber, includes analog-to-digital circuitry 
that can digitize and store the signal portion of the camera's output. A com- 
puter can then perform complex operations such as matched filtering, Fourier 
transformation, and high-pass filtering (Sect. 7.2), as well as store sequential 
frames for later analysis. These operations can be time consuming when per- 
formed digitally, but the computer can perform them on images formed with 
incoherent light; this is often a big advantage over coherent optical processing. 
Further, the computer can increase the contrast of a weak image, suppress 
noise in various ways, or perform two-dimensional convolutions that have ef- 
fects similar to high- or low-pass filtering. In addition, computer processing 
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Fig. 7.26. Digitally processed images. Upper left, image with isolated points of 
noise. Upper right, noise filtered from same image. Lower left, image subjected 
to a low-pass filter. Lower right, image subjected to a high-pass filter. (Processed 
images courtesy of Matthew Weppner. Original photograph copyright 1990, The 
Art Institute of Chicago. All rights reserved. Grant Wood, American. 1892-1942. 
American Gothic, oil on beaverboard. 1930, 76 x 63.3cm, Friends of American Art. 
1930.934] 


can be used in conjunction with a coherent-optical processor, for example, to 
locate the output of a coherent-optical matched filter or to analyze an optical 
Fourier transform (Sect. 7.2). 


7.4.2 Single-Pixel Operations 


Here is an example of the power of computer processing: Consider an image 
that is, for some reason, covered with noise that has the form of isolated pixels 
with very high apparent brightness (Fig. 7.26, upper left). This might happen 
because of interference during the electronic transmission of an image, for ex- 
ample. A digital processor can be programmed to examine the neighborhood 
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of each pixel and compute the average of the four or eight nearest neighbors. 
If the pixel at hand has an apparent intensity that exceeds that average by 
more than a fixed factor, say, 1.5 or 2, then that pixel’s intensity is assumed 
to be spurious and is replaced with the average intensity of the neighbors. As 
long as the image does not display features that are only one or a few pixels 
wide, the noise may be eliminated (Fig. 7.26, upper right) with little or no 
degradation of other areas of the image. 

Noise reduction by this method is an example of nonlinear filtering and 
cannot be performed by a coherent-optical processor. Another operation that 
can be performed by digital processing is contrast enhancement. Imagine, for 
example, that the video image is digitized so that black is represented by 0 
and white by 255; intermediate intensities are denoted by digits between 0 
and 255. Suppose, however, that a certain image has very low contrast and 
its intensity when digitized falls between two values L and U, where U > L, 
but U — L is less than 255. We may enhance the contrast of the image by 
digitally changing the intensity 7 at each pixel to 


I’ = 255(I — L)/(U — L). (7.72) 


This operation will ensure that the lowest intensity in the image is 0 and the 
highest, 255. 

Figure 7.27 (left) shows the image of Fig. 7.13 but here the contrast has 
been adjusted so that intensities above certain a value are set equal to 255, 
whereas those below a certain value are set equal to 0. This is sometimes 
called hard clipping. 

Similarly, we could display only those parts of the image that have in- 
tensity between two values U and L using the rule that the intensity of each 
pixel is changed to 0 if its original intensity lies outside the range L < I < U. 
Then, we could, say, use (7.72) to enhance the contrast and examine very 
low-contrast structure within a larger image. 


Fig. 7.27. Pliers of Fig.7.13 (right). Left, hard clipped. Right, edge-enhanced. 
[Courtesy of Matthew Weppner] 
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Such operations are sometimes called single-pizel operations because they 
alter the value of the intensity at single pixels with no regard for the intensity 
at neighboring pixels. 


7.4.3 Cross-Correlation 


This is defined by the sum 
K 
Clai)= 5, h(zia)g(na) (7.73) 
k=-K 

and is closely related to the convolution integral (7.51). Figure 7.28 sketches 
how to calculate one term in the cross-correlation between a discrete function 
h(z;), where i is an integer, and a convolution kernel g(xx), where k is an 
integer. This term is calculated by multiplying corresponding nonzero terms 
of the two functions and adding the products. The next term is calculated by 
sliding g(x;) to the right one position and performing a similar calculation: 
the preceding term is calculated by sliding g(r&) to the left. The aggregate 
of all the terms is a fuction of x; and is called the cross-correlation function 
C(z;). Convolution is the cross-correlation between h(r;) and the mirror 
image of g(z;) and is important in Fourier theory. 

Now suppose that we have stored an image digitally. We may want to 
calculate the cross-correlation of that image with an arbitrary kernel. For 
example, suppose that the image is a line or stripe represented by the one 
dimensional matrix 


...000111... 1110000... . (7.74) 


Here, for illustration, we normalize the peak intensity to 1; in fact, it could 
represent any voltage between 0 and 1 V or any digital level between 0 and, 


h(x) 


a(x) 


C(x) 


Fig. 7.28. Calculation of the cross- 
correlation function C(x) between a func- 
Xi tion h(x) and a convolution kernel g(x) 
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Fig. 7.29. Differentiated image of the 
pliers of Fig. 7.27 (left) [Courtesy of 
Matthew Weppner| 


for example, 255, 511, or 1023 (the larger number determines the number of 
gray levels between black and white). If we cross-correlate this function with 
a kernel such as — 101, which has zero net area, then we will calculate values 
of 0 everywhere except in the vicinty of the transitions between 0 and 1, which 
we call edges. Near the left edge, we calculate ... 001100 ..., whereas near 
the right edge, where the intensity drops to 0, we get ... 00 —1— 100... 
The kernel behaves as a digital filter that differentiates the image and locates 
sharp edges. That is, the cross-correlated or filtered image is approximately 
0 everywhere except near an edge. Since intensity can never be less than 0, it 
might be necessary to take the absolute value of the filtered image in order 
to display it, but, to a digital system, the negative intensity conveys whether 
the edge rises or falls with increasing z. 
A two-dimensional analog of the kernel —1 0 1 is a matrix such as 


0 -1 0 
-—1 0 1. (7.75) 
0 1 0 


This kernel differentiates a two-dimensional image and locates edges, regard- 
less of their orientations. Figure 7.29 shows the result of edge-enhancing the 
image of Fig. 7.27 (left) with a kernel like (7.75). A constant value has been 
added to the result so that the negative values could be displayed. In Fig. 7.27 
(right), however, only the inside edge is displayed; that is, values less than 0 
are ignored. This image was used instead of the original image in a matched- 
filtering experiment (Sect. 7.2.6) because the low spatial-frequency informa- 
tion or continuous tones convey little information to distinguish between 
objects that have similar sizes or shapes. 

Other kernels can perform other operations; for example, one-dimensional 
kernels like 1 1 1 or !/2 1 1/2 are equivalent to low-pass filters and will smooth 
or taper sharp edges. Such kernels, because they average neighboring pixels, 
can also smooth or reduce noise, but only at the expense of blurring the 
picture. The bottom row in Fig. 7.26 shows an image processed with both 
low and high-pass filters. 
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Finally, cross-correlation with a large kernel will often cause the calculated 
intensities to grow so large that the image cannot be displayed on a video 
monitor. For this reason, practical kernels are usually normalized to 1 in the 
sense that the sum of all the elements is set equal to 1. For example, if we 
were to cross-correlate with the kernel 1 1 1, we would then divide each of 
the elements in the resulting matrix by 3. Other kernels, however, have a sum 
of 0, like —1 0 1. Most such kernels are antisymmetric, and each half of the 
kernel must be normalized independently if it is necessary to keep the result 
within limits. 


7.4.4 Video Microscope 


The simplest video microscope is a microscope objective with a video camera 
located at the proper tube length (Sect. 3.5). The ir-cutting filter must be 
present if the source has a broad spectrum, because of chromatic aberration. 
Ordinary objectives may be used, however, with spectrally narrow sources at 
almost any wavelength up to 2 um, provided that an ir-sensitive video camera 
is used. Beyond 2 um, the glass in the objectives becomes opaque. 

A typical 40 x objective has a numerical aperture NA equal to 0.65. 
According to the Abbe theory (Sect. 7.2), this objective can resolve a grating 
whose period is A/NA, or about 0.85 um when A = 0.55 um. The image of 
the grating has a period 40 times larger, or 34 um. We may think of this 
image as a series of bright and dark bands one-half that distance, or 17 um, 
apart. A CCD array will not detect this image unless its pixels are spaced 
by this distance or less; this statement is roughly equivalent to the sampling 
theorem, which states, in part, that a sinusoidal signal can be sampled and 
re-created exactly only if it is sampled at least twice per period. That is, the 
sampling frequency has to be more than twice the highest frequency in the 
signal. The frequency that is equal to twice the highest in the signal is called 
the Nyquist frequency or the Nyquist sampling rate. 

Sampling at a lower spatial frequency than the Nyquist frequency or 
Nyquist sampling rate is called undersampling and creates spatial frequencies 
that may not exist in the object. The result is called aliasing and is illustrated 
in Fig. 7.30, where a square wave is sampled at one-third the correct spatial 
frequency. Because the sampling, which is indicated by the arrows, has a fixed 


Fig. 7.30. Aliasing as a result of 
undersampling. Top, a periodic sig- 


nal. Center, points at which sam- 


ples are taken. Bottorn, the result, 
0 0 a periodic signal at the wrong spa- 
tial frequency 
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phase relationship with the sampled wave, alternate samples detect 0 and 1; 
this causes a spurious spatial frequency at one-third the spatial frequency of 
the sampled wave. Aliasing is commonly seen on television as colored fringes 
that appear where someone wears a finely striped or checked suit. 

Many CCD arrays are 8.8mm wide and have 780 pixels per row; the 
distance between pixels is therefore slightly over 11 um. Such an array can 
resolve the image of the microscope objective, with only slight empty mag- 
nification (Sect. 3.8). Here, however, empty magnification may be a benefit: 
Because the pixels on the CCD array are fixed and regular, fine structure 
that exactly matches the period of the pixels can be resolved only if it is 
roughly in phase with the distribution of pixels; if it is exactly out of phase, 
all pixels detect the same intensity, and the fine structure vanishes. We there- 
fore say that imaging by a discrete array is shift variant because a slight shift 
of the position of the image will cause a change of its appearance. Having 
pixels with a higher spatial frequency than the highest spatial frequency of 
the imaging optics reduces the effect of the shift variance of the array. 

The field of view of the microscope is given by the dimensions of the 
CCD array divided by the magnification of the objective lens; for the example 
of the 40 x objective, the field of view is therefore 8.8/40 x 6.6/40 mm, or 
220 x 165 um. 1f the objective magnification were 100 x and the numerical 
aperture were 1.3, then the field of view would be reduced to 88 x 66 um. 
We leave it as a problem to show that the spatial period of the detectors in 
the CCD array still about matches the highest spatial frequency the lens can 
resolve. 


7.4.5 Dimensional Measurement 


The CCD array is manufactured with great precision. In addition, even in- 
expensive microscope objectives may give nearly rectilinear imaging. If the 
magnification of the system can be determined accurately, it is possible to 
perform very precise dimensional measurements. Consider, for example, a 
sharp edge. According to (7.51), the image of that edge is the convolution 
of the edge function ... 0011 ... with the impulse response of the objective 
lens. 

For simplicity, consider the one-dimensional case, and let the light be 
wholly incoherent. Because the light is incoherent, we add intensities and 
therefore convolve the edge with an intensity impulse response to calculate 
the image of the edge (Sect. 7.3). This image is the edge response of the 
system. 

As long as the impulse response is a symmetric function, convolution is 
the same as cross-correlation. Further, by symmetry, the convolution has the 
value 1/2 precisely at the location of the geometrical image of the edge. In 
addition, also by symmetry, the image displays an inflection point precisely 
at the location of the geometrical image. Either of these facts may be used 
to locate the edge precisely by digital image processing; if the image quality 
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is good, the edge can usually be located by interpolation within about one- 
tenth of one pixel, or roughly one-fifth of the resolution limit. For a microscope 
objective with NA = 0.65 and A = 0.55 jum, this is equivalent to a precision 
of 0.1 jum. 

Unfortunately, the light in a microscope is almost never completely in- 
coherent. To approximate incoherence, the condenser's numerical aperture 
would have to be at least twice that of the objective (Sect. 5.6.4), and this 
is impossible for objectives that have numerical apertures greater than 0.5. 
For this reason, the true position of the edge is almost always at an intensity 
somewhat less than 1/2. To see this, consider a microscope that uses highly 
coherent light. Then, by the same argument as above, the geometrical edge is 
located by finding the position at which the amplitude falls to 1/2. Since we 
detect only intensity, or the square of the amplitude, we find that the edge 
is located where the intensity falls to 1/4. 'The edge in a partially coherent 
system usually lies somewhere between 1/2 and 1/4, but the precise value is 
difficult to predict mathematically and virtually impossible if the aberration 
of the objective are unknown. 

In Fig. 7.31, the geometrical edge should be found by locating a point 
whose intensity is between 1/4 and 1/2, owing to partial coherence. If, how- 
ever, we use the value 1/2 to measure the linewidth, as indicated by the 
word "measurement", bright lines will always appear slightly narrower than 
their true width, whereas dark lines on a bright background will always ap- 
pear wider. Therefore, if it is necessary, as with semiconductor or integrated- 
optical measurements, to measure widths with uncertainty less than about 
one-half resolution limit, it is usually necessary to acquire a linewidth standard 
that consists of calibrated lines whose widths are known from other measure- 
ments. This standard usually consists of vacuum-deposited chromium lines 
on a glass substrate. The deposited layers are much thinner than 1 wave- 
length of visible light, so that the wave reflected from the glass substrate will 
not be appreciably out of phase with the wave reflected from the chromium 
layer. 

Lines that are narrower than a few resolution limits present the addi- 
tional difficulty that the edge response of one edge overlaps the other edge. 
Especially if the light is coherent or partially coherent, this factor makes it 


Fig. 7.31. Image of a sharp-edged 
line in partially coherent light. 
The linewidth as measured be- 
tween the half-intensity points is 
in error 
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extremely difficult to measure linewidth accurately with an ordinary optical 
microscope. Lines or structures that are thicker than 4/10 or so cannot be 
measured accurately because of the phase difference between the wave re- 
flected by the substrate and that reflected by the structure itself. Similarly, 
the phase shift that is inherent on reflection from any metallic surface can 
cause errors in measuring the width of even physically thin metallic lines. For 
these reasons, how to measure widths of narrow lines, or thick lines or stripes 
accurately is a subject of much current research. 


Problems 


7.1 Suppose that the exposure range of a hologram is so great that the t4 vs 
& curve cannot be considered linear but may be described by the equation 


ta —to— 08 — BF. 
Show that this nonlinearity results in two additional reconstructions. 


7.2 If a hologram is large compared with the object distance, the spacing 
of the carrier fringes will vary with position. Use this fact to determine the 
largest off-axis hologram that can be recorded by a film whose resolution 
limit is RL. Show that the maximum theoretical resolution limit in the re- 
construction is about equal to that of the film used to record the hologram. 


7.3 Show that a hologram must be considered thick when the thickness of the 
emulsion exceeds 2nd? /A , where n is the index of refraction of the emulsion 
and d is the spacing of the interference fringes between the reference and 
object beams. For convenience, let the reference and object beams fall with 
equal angles onto the plate. It is further helpful to assume that the recording 
medium has high contrast, so that sharp, narrow fringes are recorded. (Exact 
theory shows that a hologram is thick when the parameter Q = 27At/nd? 
exceeds 10, where ¢ is the emulsion thickness. For smaller values of this pa- 
rameter, thickness effects are less evident.) 


7.4 A point C on a three-dimensional object is located a distance / from 
the center O of a holographic plate. The optical path length from the beam 
splitter to O by way of C is equal to the distance traversed by the reference 
beam. If the coherence length of the laser is le, the depth of the reconstruction 
(along the line OC) will be equal to l.. Ignoring the finite size of the plate, 
show that temporal coherence also limits the width of the reconstruction to 
the value [l. (I. + 27]"/?, or, when I, is small, (2lI.)!/2. 


7.5 Abbe Theory Applied to Resolution in Optical Systems. (a) If the period 
d of the grating in Fig. 7.8 is small, only the zero-order or undiffracted light 
will enter a lens. Use this fact to show that the resolution limit of a lens is 
A/N A, where NA is the numerical aperture of the lens. 
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(b) Suppose that the object is illuminated obliquely rather than normally. 
Show that the resolution limit of a small, on-axis object may be reduced to 
A/ (2N A) by directing the incident beam just to the edge of the lens. 

(c) Show that objects that exhibit more than one order of diffraction can 
be seen even when the zero-order diffraction does not enter the lens aperture. 
Show further that the resolution limit is A/(2NA) in this case also. (Use 
the small-angle approximation in all cases.) Case (c) is the special case of 
dark-field or dark-ground illumination. Because the zero-order diffraction is 
suppressed, the background appears dark, and objects (whether amplitude 
or phase objects) appear as bright images against a dark background. A 
microscope that uses oblique illumination is often called an ultramicroscope. 


7.6 Consider a slit that is illuminated with collimated, coherent light. The slit 
is a rectangle whose height is h = 200 um, and whose width b is a few microm- 
eters. It is examined with a 40 x, 0.65-NA microscope objective. (a) Find the 
focal length and diameter of the objective. Hint: Use f’/D = 1/2N A, which 
is exact for a well-corrected lens. 

(b) Consider first diffraction in the vertical direction. Using the concepts 
of far and near fields, show that diffraction is negligible in the vertical di- 
rection, that is, show that the slit casts on the lens a shadow approximately 
200 um high. Assume that the diffraction integral is separable into vertical 
and horizontal integrations, so that we can consider separately the far and 
near fields of the long and short dimensions of the slit. 

(c) Sketch the diffraction pattern in the horizontal direction and explain 
why the limit of resolution is given approximately by the one-dimensional 
formula Af'/ D rather than by the two-dimensional formula 1.224 f'/ D. Note 
that the result is independent of the shape of the lens aperture. 

(d) Explain why this result is useful for narrow microscopic features that 
are shorter than the diameter of the objective but not for narrow features 
that are longer than the diameter of the objective. 


7.7 Use integration by parts to show that the Fourier transform of dg(x)/dzx 
is proportional to f;G(f.), where G is the Fourier transform of g. Explain 
why it is possible to display the derivative of a phase object by placing in 
the frequency plane a mask whose amplitude transmittance is ta = to + b fs 
What is the function of the constant term to? 


7.8 Apodization. Suppose that the function g(z) in (7.21) or (7.30) is given 
by cos(m2a/b), where b is the width of the aperture. Show by direct integration 
that the Fraunhofer amplitude-diffraction pattern of the aperture is the sum 
of two displaced sinc functions. Sketch the functions carefully and show that 
each is displaced from the center by \f'/2b. Show further that the secondary 
maxima, or sidelobes, of one function partially cancel those of the other. Show 
from the sketch that the width of the diffraction pattern is 1.5A/b. Show that 
the intensity of the first secondary maximum is about 0.006 times that of the 
principal maximum. 
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The intensity of the first sidelobe has been reduced substantially below 
that of the ordinary, clear aperture, at the expense of a slight broadening of 
the principal maximum. This is known as apodization. Lenses are apodized 
with masks whose transmittance falls gradually to 0 at the edges. Apodization 
is used when the intensity of the sidelobes is more important than resolution. 


7.9 In phase-contrast microscopy, intensity variations are proportional to 
phase variations only when ó(r) « 1. To estimate how severe this require- 
ment is, carry out the expansion of exp(ió) to three terms. Find the Fourier 
transform in terms of three terms, G,, G2, and a new term G3 [cf. (7.42)]. 
Insert the phase plate to find G'. Take the inverse transform to find the 
intensity in the output plane. There will be an additional term in (7.44). 
Suppose we require this term to be less than 10% of 26(z'). Find the max- 
imum acceptable value of ¢(z) and express the result as a fraction of the 
wavelength. 


7.10 Calculate the optical transfer function for the case that r(z') is a con- 
stant ro when —d/2 « z' « d/2 and is 0 elsewhere. [Hint: The integral you 
will have to evaluate should resemble a familiar diffraction integral.] This is 
approximately the case of a defocused system. Relate the phase change of the 
OTF to the appearance of spurious resolution in Fig. 7.23. 


7.11 Show that the cutoff frequency a distance 6/2 from the lens axis is 
f-(1 — 6/mD). 


7.12 The modulation transfer function falls to 0 at the spatial frequency 
D/Al'. What is the value of the MTF at the Rayleigh limit? Note: The MTF 
of a circular diffraction-limited lens may be approximated by 


T(u) = 1 — 1.30u + 0.29? , 
where u = f;/f.. This approximation is accurate within 1%. 


7.13 Consider the image of an edge in coherent illumination (Fig. 7.20). Use 
simple, qualitative arguments to show that the location where the inten- 
sity is equal to 1/4 is exactly one resolution limit from the first maximum 
of intensity. For convenience, consider the one-dimensional case, and assume 
diffraction-limited imagery. [Hint: At what amplitude does the integral (7.54) 
stop increasing in value? The functional form of the impulse response is irrel- 
evant.] This calculation shows that the location of the edge can be uncertain 
by a sizeable fraction of one resolution limit if the coherence of the source is 
uncertain. Why? 


7.14 Consider a one-dimensional optical system whose impulse response can 
be approximated as an isosceles triangle. Assume that the illumination is 
incoherent. Sketch the edge response (the convolution of the impulse response 
with a unit step function) and show that the geometrical image of the edge is 
located where the intensity is 1/2. Suppose that the impulse response were a 
skew triangle, perhaps due to an off-axis aberration or because the lens was 
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manufactured with one or more elements decentered with respect to others. 
Explain why the image of the edge would not then be located where the 
intensity is 1/2. 


7.15 Repeat Problem 7.14 for coherent light. Sketch the intensity and show 
that the edge is located where the intensity is 1/4, as long as the impulse 
response is symmetric. 


7.16 A scanning confocal microscope uses a 40 x, 0.65-NA objective lens. A 
Nipkow disk is illuminated with a circle of incoherent light just large enough 
that the field of view of the microscope is a 250-um (diameter) circle. 

(a) What is the optimum diameter of each hole in the Nipkow disk? 

(b) What fraction of the total radiant power in the illuminated patch 
would pass through the holes if they were made this diameter? 


7.17 A video microscope uses a 100 x, 0.65-NA objective lens with a 160-mm 
tube length. The image is focused directly onto a CCD array that consists of 
780 x 480 detector elements and has an overall dimension of 8.8 x 6.6 mm. 
(a) Show that the field of view is 88 x 66 um. 
(b) Show that the sampling by the horizontal scan lines is at a spatial 
frequency high enough to satisfy the sampling theorem. 


7.18 We want to replace a telescope eyepiece with a CCD array that has 
11-um pixels. The CCD array lies in the focal plane of the objective lens. 
(a) What is the largest aperture (smallest F-number) objective that we 
should use? 
(b) If we want a 15-cm (diameter) objective lens or mirror, what is the 
focal length? (c) Suppose you fixed a 10 x eyepiece to this objective. Would 
the magnifying power be useful or empty? Explain. 


7.19 A sharp edge in a video microscope might rise from a low value of 
intensity to a high value within five or six pixels. Suppose, for example, that 
a very idealized edge is represented by the matrix 


... 9050100 150 200 200 .... 


We want to filter noise from this image by using the rule that any pixel's 
intensity will be set equal to the average of its two nearest neighbors' if and 
only if its intensity differs in absolute value from that average by more than 
a certain value. What is the lowest value we can choose and not round the 
shoulder or the toe of the edge? 


7.20 A bright line on a dark field may be represented digitally by 
...000111 111000... , 


Convolve this edge with the kernel (—1 0 1) and show that the result is a 
positive spike at the left edge and a negative spike at the right edge. What is 
the width of the spikes? Are they centered about the locations of the edges? 
Is there a more realistic representation of the edges, a representation that 
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will give rise to spike that is symmetrical about the edges? Perform a similar 
analysis with the kernel (—1 1) and show that this kernel will not allow the 
spikes to be symmetric about the edge locations. 


8. Lasers 


A laser consists of a fluorescing material placed in a suitable optical cavity 
that is generally composed of two mirrors facing each other. Although fluo- 
rescent light is not directional, some of the emission from the material strikes 
the mirrors and returns through the source (Fig.8.1). If the mirror config- 
uration is correct, and if the fluorescing medium is optically homogeneous, 
multiple reflections are possible. 

Light passing through the fluorescing substance may be amplified by a 
process known as stimulated emission. If the material is properly prepared, 
stimulated emission can exceed absorption of the light. When sufficient am- 
plification takes place, the character of the emission changes completely. In 
place of diffuse, nondirectional emission, a powerful, highly directional beam 
propagates along the axis defined by the two mirrors. 

When such emission occurs, the assembly, called a laser, is said to oscillate 
or, colloquially, to lase. Laser emission is often very highly coherent both in 
space and time. 


8.1 Amplification of Light 


Suppose we locate an amplifying rod (or tube of gas or liquid) between two 
mirrors, as in Fig. 8.1. One mirror is partially transparent; both are aligned 
parallel to one another and perpendicular to the axis of the rod. The op- 
tical length of the cavity thus formed is d, the reflectance of the partially 
transmitting mirror is R, and the (intensity) gain of the rod is G. 

Initially, the only light emitted is that arising from fluorescence or sponta- 
neous emission. As we have noted, the fluorescent emission is not directional, 
but some of this light will travel along the cavity’s axis. The following heuris- 
tic argument shows how amplified fluorescence brings about laser emission. 


Fig. 8.1. Basic laser 
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Consider a wave packet (see Sects. 4.2 and 5.6) that is emitted along the 
axis by a single atom. The packet undergoes many reflections from the mir- 
rors. After each round trip in the cavity, it is amplified by G? and diminished 
by R. If the net round-trip gain exceeds 1, 


G?R>1, (8.1) 


then the wave grows almost without limit. Only waves that travel parallel to 
the axis experience such continuous growth; the result is therefore a powerful, 
directional beam. The useful output of the laser is the fraction that escapes 
through the partial reflector or output mirror. 

A second condition is necessary for lasing. Consider again the wave packet 
emitted along the axis. Its coherence length is much longer than the optical 
length of the cavity. In a sense, the atom therefore emits the packet over a 
finite time. Because of multiple reflections, the packet returns many times 
to the atom before the emission is completed. If the packet returns out of 
phase with the wave that is still being emitted by the atom, it will interfere 
destructively with that wave and effectively terminate the emission. We can, 
if we so choose, say that such a wave has been reabsorbed, but the effect is 
as if the wave never existed. 

The idea of reabsorption in this way may seem mysterious, but is easily 
seen with the help of an analogy. We liken the atom to a spring that oscillates 
at a certain frequency. If there is little damping, the spring will oscillate for 
many cycles. We can stop the oscillation in a few cycles by driving the spring 
with a force that oscillates at the frequency of the spring, provided that the 
force be applied just out of phase with the motion of the spring. In the same 
way, we stop the atom from emitting by driving it with an electric field just 
out of phase with the field being generated by the atom. 

The only waves that exist are, therefore, those for which constructive 
interference occurs, 


mA = 2d. (8.2) 


As a result of the large number of reflections, only wavelengths close to 2d/m 
exist. This is analogous to the sharpness of multiple-beam interference fringes 
(Sect. 5.4.2). In general, there are many such wavelengths within the fluores- 
cence linewidth of the source, so the value of d is not at all critical. 

It is convenient now to consider the cavity separately from the amplifying 
medium. We may later combine their properties to account for the properties 
of the emitted light. In the following sections, we shall treat the properties 
of the amplifier and the cavity in somewhat greater detail. 


8.1.1 Optical Amplifier 


Consider a slab of material with thickness dl and area A (Fig.8.2). The 
material has N; absorbers per unit volume, and each absorber presents a 
cross-sectional area c to an incident beam of light. 
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Fig. 8.2. Absorption by a slab 


dl 


It is occasionally convenient to think of a light beam not as a wave or 
a series of wave packets, but as a stream of particles known as photons. 
Unadorned, the view is so naive it has been called the buckshot theory of 
light. It is nevertheless a useful heuristic device. 

We allow a fluz of F photons per unit area and unit time to fall on the 
slab. A photon is absorbed by the slab if it hits one of the absorbers and is 
transmitted if it does not. Therefore the fraction of F that is absorbed by the 
slab is equal to the fraction of the area A obscured by the absorbers. That 


dF dA 

oi ee 8.3 
where dA is the total area of the absorbers in the slab. The volume of the 
slab is Adi, so N; Adi is the number of absorbers. Therefore, 


dA = Nia Adl , (8.4) 
if there are few enough absorbers that one never overlaps another. In this 
case, 


cd = —Nyodl . (8.5) 


If we integrate this equation over a rod whose length is l, we find 
F,(l) = Foe ^7! (8.6) 


where Fo is the initial flux. The result is equivalent to Lambert’s law in 
classical optics. 

Now suppose the absorbers are quantum-mechanical systems (atoms, ions, 
or molecules) with at least two sharp energy levels, as shown in Fig. 8.3. The 
photon energy or quantum energy hv coincides with the energy difference 


E Fig. 8.3. Energy levels of a two-level 
N laser 
2 
E; 
hv 
N, 
E, 


between the two levels. The internal energy of the system is raised from level 
1 to level 2 when a photon or quantum of light is absorbed. Similarly, an 
excited system that is initially in level 2 may emit a quantum and thereby 
drop to level 1. 

It is possible to show that a quantum can interact with an excited system 
in such a way that it forces the emission of another quantum. This is the 
process known as stimulated emission. It is sufficient for our purposes to say 
that the newly emitted quantum (which is really a wave packet) travels in 
company with the original wave packet and remains in phase with it. 

The stimulated-emission cross section is precisely equal to the absorption 
cross section. If there are Nz excited systems per unit volume, then, in the 
notation of Fig. 8.2, 


= = -4- Naadl , (8.7) 


by the same reasoning as before, and 
F,(l) = Foet 82” . (8.8) 


If we assume that some of the systems in the material exist in one state 
and some in the other, we conclude that 


F(l) = Foe Niet (8.9) 


The possibility of net amplification exists, provided that we can prepare 
a material with 


N> M. (8.10) 
Finally, let us define the total number No of systems, 
No = Ni + Ne. (8.11) 


The quantity Noo is usually called the (passive) absorption coefficient ag. 
We can rewrite F(l) in terms of ag as 
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F(I) = Foe ool) , (8.12) 


where no = N3/No and n, = Nj/No. n; and n; are the normalized populations 
of the respective levels, and n; + ng = 1. The single-pass gain of the rod is 
therefore expressed as 


G = e?o(na2-m).- (8.13) 


The quantity n = nz — ni is called the normalized population inversion; it 
varies between —1 and +1. Gain exceeds 1 when nz — n, > 0. In this case, 
net amplification is possible. 


8.2 Optically Pumped Laser 


In this section, we describe, as an example, what is known as an optically 
pumped, three-level laser (Fig. 8.4). Energy levels 1 and 2 are the levels in- 
volved in the actual laser transition, as in Fig. 8.3. The third level is required 
to achieve a population inversion. 

In an optically pumped laser, the active material is irradiated with a strong 
light, usually a flashlamp, known as a pump. The laser strongly absorbs the 
pump light in a band (level 3) around hvp. However, this band is never 
populated because there is a nearly instantaneous, nonradiative transition 
from level 3 to level 2. If the actual atoms, ions, or molecules can be pumped 
into level 2 faster than they decay (by spontaneous emission) to level 1, the 
required population inversion can be established. 


Fig. 8.4. Three-level laser 
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8.2.1 Rate Equations 


We may write the rate equation for the time development of N2 as 


an? = (Wa + An) Na - (Wp + Wi2) M1 , (8.14) 
where Wp is the pumping rate per atom, W21 and A3, the stimulated and 
spontaneous emission rates from level 2 to 1, and Wi»? the rate of absorption 
from level 1. Because N3 is 0, all atoms exist in either level 1 or 2, and 
dN; /dt is just the negative of dN2/dt. Because the stimulated-emission and 
absorption cross sections are equal, 


Wi; = Wa . | (8.15) 
A steady-state solution to the rate equation is found by setting 
dN2 
——— =(), 8.16 
ar 0 (8.16) 
from which we find that 
(Wp + Wi3)ni = (Wiz + Azi)n2 , (8.17) 


in terms of normalized populations n; and na. Using the normalized popula- 
tion inversion n, we find that 


W, + Ag; + 2Wi2 © 
For amplification, n > 0, or 
Wp > Aa . (8.19) 


We must pump to level 2 faster than n2 is depleted by spontaneous emission. 
Wp depends both on the energy density of pump light and on the absorption 
cross section of the material. Thus, (a) an intense pumping source, (b) strong 
absorption of pump light, and (c) a long-lived upper level (small A21) are 
desirable, if not necessary. 

We estimate the pumping power required to achieve gain by writing W, 
in terms of the photon flux Fp and cross section oy for absorption of pump 
light, 

W, = Fy,. (8.20) 
The pumping power per unit area at vp is Fp - hyp. Further, Azı is just the 
reciprocal of the average spontaneous-emission lifetime 7 of the upper laser 


level. 
Thus, 


hvy/apT (8.21) 


is the required power density incident on the laser. For ruby, oy ~ 107 !?cm?, 
T ^» 3ms and hi4 ~ 2eV. We therefore require about 10? W - cm~? or per- 
haps 50 kW incident at vp on a rod with total area 50 cm?. The corresponding 


n (8.18) 
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values for a four-level laser (in which the lower level is not the ground state) 
may be two orders of magnitude less. Because not all pump frequencies are ef- 
fective in exciting the laser, the total input power required is greatly in excess 
of 50kW; this immediately suggests short-pulse operation with a flashlamp 
for pumping. The first laser was such a flashlamp-pumped ruby laser, but we 
temporarily postpone further discussion of such systems. 


8.2.2 Output Power 


We can estimate the total output power emitted by a continuous-wave laser 
(or the average power emitted by certain lasers that produce irregular or 
repetitively pulsed outputs). We take ruby as our example. Suppose that 
the pump power absorbed at vp is equal to P. The total output power is 
approximately 


Po =P. V21 / V x (8.22) 


because, in the steady state, each excitation to the pumping level results in 
a single emission from level 2. 

Let us assume that the laser begins to oscillate when the population inver- 
sion n? — n, only slightly exceeds 0. Then, approximately half of the systems 
will be in the upper level; this condition will persist as long as pumping is 
continued. Thus, the population N; per unit volume of the lower level is 
about 


Ni = No/2, (8.23) 
and the total pumping power absorbed is 
P = (NoV/2)W,hy, , (8.24) 


where V is the volume of the active medium. Further, we have seen that W, 
is equal to Aa; in steady state. Thus, the output power is 


Po = (No9V/2) Agz1hvoi ` (8.25) 


A typical ruby rod may be 10cm long with end faces 1 cm? in area. V is thus 
10 cm?, and the other parameters as in the preceding section. Thus, we find 
Po ~ 10 kW. This estimate is only slightly high for a system that may emit 
l or 2 J in a period of 1 ms. 


8.2.3 Q-switched Laser 


Applications often require high-peak-power (as opposed to high-energy) op- 
eration. In a Q-switched or giant-pulse laser, the laser is prevented from os- 
cillating until n has been allowed to greatly exceed the usual threshold value 
nt. When n reaches a very large value, the laser is allowed to oscillate, for 


Fig. 8.5. Effective reflectance Reg, 
population inversion n, and output 
power Po of a Q-switched laser 


example, by opening a shutter placed between the laser medium and the total 
reflector. 

The process is detailed in Fig. 8.5. The top curve is drawn as if the re- 
flectance Reg of one mirror were allowed to vary from a low value to a high 
value. When Reg is small, n grows large. When the shutter before the mirror 
is switched open, the power grows rapidly and continues to grow as long as 
the round-trip gain exceeds 1. The population of the upper level decreases 
rapidly because of the high energy density. The round-trip gain is just equal to 
1 when n = n, and falls below 1 thereafter. Peak power is emitted, therefore, 
when n is just equal to n¢. 

Assuming virtually instantaneous switching, we can estimate some of the 
properties of the output by similar arguments. Suppose the normalized pop- 
ulation inversion is n; before the shutter is switched and decreases to ny at 
the end of the pulse. Then the total energy emitted during the pulse is 


Ẹ = (1/2) (ni mM ng)NoVhvi2 . (8.26) 


The factor 1/2 appears because the population difference changes by 2 units 
every time a quantum is emitted (because n, increases, whereas na decreases 
after each downward transition). In ruby, n; may be 0.2 and n;, at most, 0.6 
to 0.8. If the pulse is roughly symmetrical, n, will be about 0.5. Using these 
figures for a small ruby rod, we estimate the output energy to be about 5 J. 
In fact, E is more nearly 1 J for such a laser. 

We may estimate the duration of the Q-switched pulse by examining the 
decay of a pulse in an isolated cavity. Such a pulse oscillates between the 
mirrors and makes a round trip in time t; — 2d/c. Each time it strikes the 
output mirror, it loses (1 — R) of its energy. In unit time, it therefore loses 
the fraction (1 — R)/t, of its energy. The time 


te = t/(1 — R) (8.27) 


is accordingly known as the cavity lifetime. 
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If the population inversion switches rapidly from n, to n;, we can conjec- 
ture that the decay time of the Q-switched pulse is about equal to the cavity 
lifetime te. Thus, a symmetrical pulse would have a full duration of about 
2t. If we choose a cavity length of about 50cm and take R ~ 50%, we find 
that the pulse duration te is 10 or 15 ns. If anything, the estimate is slightly 
low. 

The peak power can now be estimated. Assuming a nearly triangular 
shape for the pulse, we find 


P, = E/2te. (8.28) 


For the case where E ~ 1J and 2t, ~ 10ns, the peak power is of the order 
of 100 MW. 


8.2.4 Mode-Locked Laser 


We begin by considering a laser oscillating in a large number N of different 
wavelengths known as spectral modes, all for simplicity taken to have equal 
amplitudes A. If we could place a detector inside the cavity at r — 0 and 
record the electric field E(t) as a function of time, we would find 


N-1 
E(t) = A V eltti) | (8.29) 
n=0 
where wn is the angular frequency of the nth mode and ôn, its relative phase. 
We shall find in the following section that the modes differ in frequency by 
Aw, where 


Aw = wn — wpn-1 = 2n(c/2d) . (8.30) 


Usually, the modes are not related and the relative phases ó, have dif- 
ferent, random values. The modes are incoherent with one another, and the 
total intensity is found by adding the intensities of the modes; that is, 


I-NA. (8.31) 


The intensity will have only small fluctuations, which occur whenever two or 
three modes happen to be precisely in phase. 

Suppose we are able to make the modes interact so that they all have the 
same relative phase 6; that is 


6, =ô. (8.32) 
Such a laser is known as a mode-locked laser. The intensity must now be 


found by adding the electric fields, rather than the intensities, 


N-1 
E(t) = Ae? V^ gest, (8.33) 
n=0 
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We may for convenience write wn as 
Un =w—ndw, (8.34) 


where w is the angular frequency of the highest-frequency mode. 
Then the expression for E(t) becomes 


FEM { à) P(t) | 219(t) | igi (Q Qe) 
E(t) — Ae!» | Le id(t Le i(t L te n-—1) (£)] (8.35) 


where ó(t) = Awt = mct/d. The term in brackets is the geometric series that 
we evaluated in connection with the diffraction grating. Thus, we may write 
that 


e 2 N ó(t) 
,Sin^ = "— 
I(t) = A4 ———3À- , (8.36) 


sin* 


- 


which is readily shown to have maxima of 
r2 2 1 (tr 
Im = NA (8.37 } 


as in the case of the diffraction grating. Similarly, we may write that the 
output of the laser consists of short pulses separated by a time lapse of 
2d/c, or exactly one round-trip transit time (Fig. 8.6). The full duration of 
the pulses is 2d/cN, which is about equal to the reciprocal 1/Av of the 
fluorescence linewidth of the laser. 

Thus, the output of a mode-locked laser consists of a sequence of short 
pulses, each with a peak power N times the average, or approximately N 


20 ns/div 


Fig. 8.6. (a) Output of 
a mode-locked laser as a 
function of time, according 
to theory..(b) Output of 
a pulsed and mode-locked 
neodymium : YAG laser with 
a pulse duration of 100 ps. 
[Courtesy of Torsten Baade, 
Friedrich-Schiller University 
b of Jena] 
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times the power of the same laser with the modes uncoupled. If N is about 
100, the peak power of a mode-locked, Q-switched laser can be 1000 MW or 
more. 

This result is easily interpreted as a short wave packet that bounces back 
and forth between the mirrors. The short pulses emitted by the laser ap- 
pear each time the wave packet. is partially transmitted by the output mir- 
ror. We will find this physical picture useful in describing several mecha- 
nisms for mode locking lasers, particularly in connection with argon-ion and 
neodymium:glass lasers. 


8.3 Optical Resonators 


An optical resonator consists of two reflectors facing each other, as in the 
Fabry-Perot interferometer. The reflectors need not be plane mirrors, but 
as long as they are aligned so that multiple reflections may take place, the 
analysis of interference by multiple reflections in Chaps. 5 and 6 will suffice. 


8.3.1 Axial Modes 


To begin, consider a plane wave that originates inside a Fabry-Perot resonator 
(Fig. 8.7), with amplitude Ao. After a large number of reflections, the total 
field inside the cavity is 


E = Ao (14 r?e*9 + rfe 79 1), (8.38) 


for the wave traveling to the right. The notation is that of Chap. 5; r is 
the amplitude reflectance of both mirrors, and ¢ = 2kd is the phase change 
associated with one round trip. The wave is assumed to travel normal to the 
mirrors. 

Following Chap. 5, we calculate the sum of the geometric series and find 
that the intensity J inside the cavity is 


l=] 


OIF Fain? § Sa 


where F = 4R/(1—R)? and R is the reflectance of one mirror. This is precisely 
the expression for the transmittance of a Fabry-Perot interferometer. J has 
value Ig when 


Fig. 8.7. Fabry-Perot resonator 
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mA = 2d , (8.40) 


the familiar condition for constructive interference. For all other values of 
A, the intensity inside the cavity is small, so the wave is either absorbed or 
transmitted by the mirror and oscillation cannot take place. It is convenient 
to think of the output mirror as having an effective reflectance Reg equal to 
R only when mA = 2d. Specifically, we write 


R 


—Á— 8.41 
1+ Fsin? $ i 


Rett 


In most lasers, the second mirror has a reflectance of 100%. 

Because R,g has precisely the same functional form as the transmittance 
of a Fabry-Perot interferometer, we can adopt all the results of that discus- 
sion. Specifically, we found the interferometer to transmit fully at a series of 
wavelengths separated by the free spectral range 


Ad = A? /2d (8.42) 
or, in terms of frequency 
Av = c/2d . (8.43) 


In the laser, therefore, the effective reflectance is equal to R only at discrete 
frequencies separated by Av. 

Figure 8.8 illustrates the effect of the cavity on the laser output. The 
top curve shows gain G as a function of frequency. The central curve plots 
Reg vs frequency. Reg is large (in this example) at only five points in the 
frequency interval within which G is large. As the bottom curve shows, the 
laser oscillates at these five discrete frequencies only. Each frequency is known 
as a spectral mode or an azial mode. 


UN 


G(v) 


Rer 


Fig. 8.8. Oscillation in several 
v spectral modes 
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The modes are much more nearly monochromatic than the curve of Reg 
would suggest. In many cases, their spectral width is determined only by 
minute vibrations that cause the optical length of the cavity to change slightly 
over short times. Their sharpness is a consequence of the very high net ampli- 
fication that occurs after a great number of reflections. After each round trip, 
the central frequency is amplified more than the extreme frequencies. This re- 
sults in a sharpening of the spectrum. When the cavity has gain, the number 
of round trips is very large, so the spectrum becomes extremely sharp. 


8.3.2 Transverse Modes 


These are most easily understood in terms of a cavity such as a confocal 
cavity. The confocal cavity shown in Fig. 8.9 has two identical mirrors with 
a common focus midway between them. Roughly speaking, we can define a 
transverse mode as the electric field distribution that is associated with any 
geometrical ray that follows a closed path. (We will not consider cavities 
that do not allow a ray to follow a closed path; these are known as unstable 
resonators.) Naturally, the ray will not describe the precise field distribution 
because of the effects of diffraction. 

The simplest mode in a confocal cavity is described by a ray that travels 
back and forth along the axis. This is the 00 mode. Because of diffraction, the 
actual intensity distribution is that outlined. The output of a laser oscillating 
in this mode is a spherical wave with a Gaussian intensity distribution. The 
beam radius is usually expressed as the radius w at which the beam intensity 
falls to 1/e? of its maximum value. The minimum value of the radius is wo 
and occurs at the beam waist in the center of the cavity. 

The next-simplest mode is shown in Fig. 8.9b. This mode will oscillate 
only if the aperture (which is often defined by the laser tube) is large enough. 
The output is a spherical wave with the intensity distribution shown. Higher- 
order modes correspond to closed paths with yet-higher numbers of reflections 
required to complete a round trip. 

Transverse-mode patterns are labeled according to the number of minima 
that are encountered when the beam is scanned horizontally (first number) 
and then vertically (second number). The modes shown all have rectangular 
symmetry; such rectangular modes characterize nearly all lasers, even those 
with cylindrical rods or tubes. 

In practice, higher-order modes have greater loss (due to diffraction) than 
the 00 mode. A laser that oscillates in a superposition of higher-order modes 
and the 00 mode is called a multimode laser. A multimode laser provides 
substantially more power than a single-mode laser, but the beam also focuses 
to a larger spot. In consequence, the irradiance at the focal point of a lens 
may not be appreciably greater than that of a single-mode laser. In addition, 
as we will see (Sect. 8.3.5), a multimode laser does not display high spatial 
coherence. Thus, a single-mode laser is often preferable. In many gas lasers, 
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Fig. 8.9. (a) Trans- 
verse modes in a 
confocal cavity. (b) 
Laser transverse-mode 
patterns. Upper left, 
00 mode. Upper right, 
01 mode. Lower left. 
11 mode. Lower right, 
coherent superposi- 
tion of two or more 
transverse modes. 
‘Photos courtesy of 
D.C. Sinclair’ 


the diameter of the laser tube is chosen small enough that diffraction loss 


prohibits oscillation of any mode other than the 00 mode. See Sect. 8.3.5. 


8.3.3 Gaussian Beams 


We have already noted that a laser oscillating in the 00 mode emits a beam 


with Gaussian intensity distribution. Thus, most lasers emit beams that can 


conveniently be described as Gaussian beams. A Gaussian beam may be de- 
scribed as a simple Gaussian function or as a Gaussian function multiplied by 


a sum of Hermite polynomials; that is, if a high-order mode oscillates, then. 


usually, so do all or most of the lower-order modes. As a beam propagates, it 


retains its mode structure, except for a change of scale owing to diffraction 


or focusing. 
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Wo Fig. 8.10. Propagation of a 
à wiz) Gaussian beam 


In our earlier treatment of diffraction, we assumed that a uniform wave- 
front passed through the diffracting screen. We found, for example, that the 
far-field intensity distribution had an angular divergence of 1.22A/D for a 
circular aperture. That result is not appropriate when Gaussian beams are 
used because then the intensity distribution is not uniform. 

A detailed treatment of propagation of Gaussian beams is left to the 
references. Here we discuss the general results. The field distribution in any 
curved-mirror cavity is characterized by a beam waist such as that shown in 
Fig. 8.9; in a symmetrical cavity, the beam waist is located in the center of 
the cavity. The intensity distribution in the plane of the waist is Gaussian 
for the 00 mode; that is, 


I (r) = e-?r/wo | (8.44) 


where r is the distance from the center of the beam. For convenience, the 
intensity is normalized to 1 at the center of the beam. When r = wọ, the 
intensity is 1/e? times the intensity at the center. Higher-order modes are 
characterized by the same Gaussian intensity distribution, but for the Her- 
mite polynomials mentioned above. 

Figure 8.10 shows the propagation of a Gaussian beam. Both inside and 
outside the cavity, it retains its Gaussian profile. That is, at a distance z from 
the beam waist, the intensity distribution is given by (8.44) with wo replaced 
by w(z), where 


2 
w(z) = wo I + E | ; (8.45) 


At large distances z from the beam waist, the term in parentheses becomes 
much larger than 1. In this case, the Gaussian beam diverges with angle 6, 
where 


0 = A/muy ; (8.46) 


this is the far-field divergence of a Gaussian beam. 

If a Gaussian beam with beam radius w is brought to a focus with a lens 
whose diameter is at least 2w, the radius of the focal spot is Al’ /7w, which 
is somewhat smaller than the corresponding Airy-disk radius, 0.61A/' /w. In 
addition, the diffraction pattern is not an Airy disk, but has a Gaussian 
intensity distribution with no secondary maxima (unless the lens aperture 
vignettes a significant portion of the incident beam). 
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The radiation converges toward a beam waist and diverges away from it. 
Therefore, the wavefront must be planar at the beam waist. At a distance z 
from the waist, the radius of curvature R(z) of the wavefront is 


1+ c3! (8.47) 


Only at great distances z from the waist does the beam acquire a radius of 
curvature equal to z. 

Thus far, our comments have been general and apply to any Gaussian 
beam with a beam waist wo located at z = 0. To apply the discussion to a 
laser cavity, we must know the radius and position of the beam waist. In a 
confocal cavity whose mirrors are separated by d, wo is given by 


wo = (Ad/2n)'/? , (8.48) 


and the waist (z = 0) is located in the center of the cavity, as it is in any 
symmetrical, concave-mirror cavity. 

When the cavity is not confocal, it is customary to define stability param- 
eters gı and gz by the equations 


gı —1-— (d/ R1) (8.49a) 


and 
92 = 1 — (d/ R2) (8.49b) 


where Rı and R; are the radii of curvature of the mirrors. 

To find the size and location of the beam waist, we argue that the radius 
of curvature of the beam wavefront at the positions of the mirrors must be 
exactly equal to the radii of the mirrors themselves. If this were not so, then 
the cavity would not have a stable electric-feld distribution; in terms of our 
earlier ray picture, the rays would not follow a closed path. 

We therefore know the radius of curvature of the wavefront at two lo- 
cations, which we may call zı (the distance from the waist to mirror 1) 
and z2 (the distance from the waist to mirror 2). Setting R(z,;) = R, and 
R(z2) = Re, we may solve (8.47) for zı and thereby locate the waist. The 
result is 

g2 (1 — 91) 
^ = a +g- 29: ^ l om) 


in terms of the stability parameters. 
Similarly, we may solve for the beam waist wo, which is, in general, 


w- (M) (aal he)" (8.51) 
T 91 + 92 — 29192 


We may now use the results of Gaussian-beam theory to find the radius of 
curvature R(z) or the beam radius w(z) at any location z. In particular, at 
mirror 1, 
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ydy 1/2 » 1/4 

= | — B C E 8.52 

úa (7) Gren mn 
and at mirror 2, 

w (22) = (91/92) ^ w (ai). (8.53) 


Sometimes it is necessary to match the mode of one cavity to that of 
another; that is, the mode emitted by the first cavity must be focused on 
the second so that it becomes a mode of that cavity as well. For example, 
mode matching may be necessary when a spherical, confocal Fabry-Perot 
interferometer is used with a laser. 

The simplest way to match two cavities a and b is to locate the point 
where their beam radii w(z) are equal. Then, calculate the beams' radii of 
curvature R,(z) and Ry(z) at that point. A lens whose focal length f’ is given 
by 


=F- (8.54) 


will match the radii of curvature of the two modes at the point. 

Both radius of curvature and beam radius must be matched to ensure 
effective mode matching. If both parameters are not matched, for example, 
power may be lost to higher-order modes in the second cavity. When it is not 
possible to match two cavities in the simple way described here, it may be 
necessary to expand or reduce the beam radius with a lens before attempting 
mode matching with a second lens. 


8.3.4 Stability Diagram 


The expressions for w(z;) and w(z2) contain a fractional root of (1 — g1g2). 
Unless the product g; 92 is less than 1, the beam radii on the mirrors become 
infinite or imaginary. Laser cavities for which g1g2 exceeds 1 are unstable; 
those for which the product is just less than 1 are on the border of stability, 
because the beam radius may exceed the mirror radius and bring about great 
loss. Thus the stability criterion for lasers is 


d d 
9192 = ( = x) (: = x) <1. (8.55) 


The limiting case, 9192 = 1, is a hyperbola, as shown in Fig. 8.11. Stable 
resonators lie between the two branches of the hyperbola and the axes; unsta- 
ble resonators, outside the two branches. Resonators that are least sensitive 
to changes within the cavity (such as thermally induced focusing effects in 
solid or liquid lasers) lie on the hyperbola gig = 1/2, which is shown as a 
dashed line in Fig. 8.11. 


Fig. 8.11. Stability diagram h, 
hemispherical cavity. cc, concen- 
tric. cf, confocal. pp, plane paral- 
lel. Dashed curve shows the equation 


gig2 = 1/2 


8.3.5 Coherence of Laser Sources 


Although a laser is usually thought of as a coherent source, only a laser that 
oscillates in a single axial and transverse mode emits highly coherent light. 
A multimode laser, although much more intense, may be no more coherent 
(in space or time) than a suitably filtered thermal source. 

Let us look first at temporal coherence. A single-mode laser has virtually 
infinite temporal coherence, owing to its narrow spectrum. On the other hand, 
a multimode laser may have a spectral width that is nearly as great as that 
of the fluorescence emission from which it is derived. It will therefore have 
about the same coherence length as the corresponding thermal source. 

Inexpensive helium-neon lasers are made to oscillate for stability in two 
modes. An interference experiment performed with the optical path difference 
equal to the length of such a laser will result in nearly zero coherence. For 
many purposes, the coherence length of this laser is therefore much less than 
the length of the laser itself. 

The spatial-coherence area of a single-mode laser covers the entire beam. 
A double-slit experiment will result in high-contrast fringes even when the 
slits are separated by much more than the beam diameter 2w. 

When the laser oscillates in more than one transverse mode, the spatial 
coherence is radically altered. In general, the higher-order transverse modes 
oscillate at slightly different frequencies from the 00 mode; for example, in 
confocal geometry the frequency of odd modes (10, 21, 30, etc.) differs by 
approximately c/4d from that of the 00 and other even modes. Other effects 
cause the frequency difference between spectral modes to differ slightly from 
the nominal value of c/2d. Because of these we may associate each spectral 
or transverse mode with a different set of radiating atoms. The modes are 
therefore incoherent with one another. 
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Fig. 8.12. Degree of spatial coherence or fringe 
visibility of a gas laser. e, 00 mode. o, two 
modes. x, multimode. Dashed line shows the 
coherence function calculated for the appropri- 
ate thermal source. [After Young et al.; Opt. 
Commun. 2, 253 (1970)] 
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As a result, a laser that oscillates in many transverse modes closely ap- 
proximates the spatial coherence of a thermal source. The statement is sur- 
prisingly accurate even for oscillation in the lowest two modes (00 and 10) 
only and shows the importance of single-mode oscillation. Figure 8.12 shows 
the degree of spatial coherence of a helium-neon laser oscillating in single- 
mode, double-mode, and multimode fashion; degree of coherence is defined as 
the visibility of the fringes of a double-slit experiment (cf. (6.11)]. The beam 
diameter 2w is a few millimeters. Only in the case of single-mode operation 
does the coherence in the brightest part of the beam differ significantly from 
the coherence calculated for the appropriate thermal source. 


8.4 Specific Laser Systems 


8.4.1 Ruby Laser 


The first ruby lasers employed a zenon flashtube in a helical configuration, 
with a ruby rod located along the axis of the helix. The end faces of the rod 
were polished flat and parallel to one another, and coated with gold. One of 
the coatings was thin enough to allow partial transmission and served as the 
output mirror. 

Most. pulsed lasers today have external mirrors. The rod itself has antire- 
flection coatings on the ends (unless the ends are cut at Brewster's angle, 
for which one polarization has nearly zero reflectance). A linear flashlamp is 
located next to the rod. The rod and lamp are oriented at the foci of a long, 
highly polished elliptical cylinder to ensure that nearly all the emission from 
the flashlamp is focused on the rod. Finally, dielectric reflectors are located 
on adjustable mounts outside the housing of the rod and lamp. 

Ruby is made of aluminium oxide (Al203) with a small concentration of 
chromium oxide (Cr2O3) impurity. (Pure Al20; is called sapphire.) Laser rods 
are nominally single crystals of ruby, which contain about 0.03% chromium 
oxide by mass. Many of the Cr*? ions occupy locations in the crystal normally 
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Fig. 8.13. (a) The origin of 
relaxation oscillations in a 
laser. (b) Spiking in the out- 
put of a pulsed neodymium: 
YAG laser [(b) courtesy of 
Torsten Baade, Friedrich- 
Schiller University of Jena] 
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reserved for Al*’; these Cr*? ions are responsible for the emission of light 
by the crystal. The relevant energy levels of the ruby (strictly, of these ions) 
are indicated in Fig. 8.4. Laser action occurs because of the transition from 
level 2 to 1. The energy of this transition is about 1.8eV, the corresponding 
wavelength, 694 nm. 

Figure 8.13 describes the output in a highly schematic way. A large, high- 
voltage capacitor is discharged through the flashlamp. The lamp therefore 
flashes for a duration that may be between 0.1 and 10 ms, depending upon 
the circuit design. Its output power is sketched in the upper curve. 

The middle curve of Fig. 8.13 indicates the development of the normal- 
ized population inversion n. n grows steadily until it reaches the threshold 
inversion n,, which refers to the population inversion required to produce net 
amplification. When n reaches n, the power density in the cavity becomes 
so great that an enormous number of stimulated emissions drives n below 
nt. The laser thus produces a short pulse and stops, as in the bottom curve. 
Because the flashlamp is still active, n grows to n, and the process begins 
again. 

The output of a pulsed ruby laser is an irregular series of pulses. The 
irregularity is related to multimode oscillation. Typically, the capacitor bank 
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may store 2000J with a voltage drop of 2000 V across the flashlamp. This 
laser may emit 2 J or more each time the lamp is pulsed. If the pulse duration 
is 1 ms, this corresponds to an average power of a few kilowatts. The spikes 
have a duration of a few microseconds, so the peak power is tens or hundreds 
of kilowatts. The output of the laser is in general multimode, both with regard 
to spectral and transverse modes. 

The pulsed ruby laser has been used successfully for precise welding and 
drilling of metal, for drilling industrial diamonds, for repairing detached reti- 
nas in ophthalmology, and for holography and photography of moving objects. 
It has now been replaced by other lasers in most of those areas. 

The ruby laser is often Q-switched for high peak power. If the parameters 
are properly adjusted, then only a single pulse will be emitted. The pulse 
may have a peak power up to 100 MW and a full width of 10 or 20ns. The 
pulse may be amplified by directing the light through a second apparatus, 
devoid of external reflectors, and pumped synchronously with the laser itself. 
The laser or the amplifier will be damaged when the power density exceeds 
200 MW/cm?. 

Q-switching is effected in one of three ways. The total reflector can be 
rotated rapidly, so that it is only instantaneously aligned parallel with the 
output reflector. If we drive the mirror with a synchronous motor or otherwise 
detect its position, we can time the flashlamp to fire so that the mirror is 
aligned only when n approaches its maximum value. The laser will emit a 
giant pulse, after which the mirror will no longer be aligned. 

Other means of Q-switching place electro-optic shutters, such as Kerr or 
Pockels cells, or acousto-optic shutters between the laser crystal and one 
mirror (see Sect. 9.4). In each case, the shutter is effectively closed until n 
reaches its maximum value. The shutter is synchronized with the flashlamp 
to open at the proper time. 

Finally, a passive shutter consists of an optical-quality cell containing a 
saturable dye. Saturable dyes, like ruby, have energy-level diagrams similar 
to that shown in Fig. 8.4. We choose a dye for which the energy difference 
labeled hv, corresponds to that of the laser transition hv. We adjust the 
concentration of the dye so that the laser can barely oscillate with the dye 
cell in the cavity. The laser then pumps the dye molecules into level 2, where 
they may remain for a short time. With few molecules in level 1, the dye is 
relatively transparent to laser light and Q-switching has been effected. This 
very simple and elegant means of Q-switching can also help force the laser to 
oscillate in a single axial mode, a condition that may be desirable for many 
scientific purposes. 


8.4.2 Neodymium Laser 


This is another, optically pumped laser material and is an example of a four- 
level laser, shown in Fig. 8.14. In such a laser, the lower level lies far above 
the ground state of the system and is generally unpopulated. Thus, n; — 0, 


Energy 


so the normalized population inversion n is just equal to n2. Any population 
in level 2 gives rise to an inversion with n > 0. Because it is not necessary 
to pump a four-level laser from n = —1 to n = 0 before achieving gain, such 
lasers are much more efficient than three-level lasers. If level 1 decays to level 
0 rapidly enough, nı = 0 under all conditions, and the four-level laser never 
exhibits absorption of the laser light itself. 

The active Nd*? ion may be incorporated into several hosts, in particular, 
certain glasses and a crystal such as YAG (for yttrium aluminum garnet). The 
Nd*? ion surrounds itself with several oxygen atoms that largely shield it from 
its surroundings. Hence, Nd:glass and Nd:YAG lasers oscillate at about the 
same frequency. Their output is in the near infrared, at 1.06 um. 

The Nd:YAG laser is most often used in a quasicontinuous fashion - that 
is, repetitively pulsed at a high rate. The peak output power is of the order of 
kilowatts. Nd:glass lasers, on the other hand, are normally operated in single 
pulses, just as the ruby laser is. The glass laser may be pulsed or Q-switched 
and is highly resistant to damage from high power densities. This is in large 
part due to the fact that glasses, unlike crystals, can be made almost entirely 
free of internal stress and strain. Nd:glass is also free of the microscopic 
particles of metal and Cr2O3 that characterize rubies, and, whether pumped 
or not, the glass laser does not absorb the laser emission because the lower 
laser level is not the ground state. In addition, high-quality glass laser rods 
can be made in almost any diameter, to allow high power with relatively low 
power density. For these reasons, the Nd:glass laser may be combined with 
one or more amplifiers to produce very high peak powers. 

The fluorescence linewidth of the Nd:glass laser is great, and the laser 
is rarely if ever operated in a single spectral mode. Rather, the Q-switched 
glass laser is often induced to operate in a mode-locked fashion, emitting a 
train of pulses, each with a duration of the order of 10 ps. Nd:YAG is also 
commonly mode locked, but the pulses are 5 or 10 times longer. A single one 
of these pulses may be isolated with an electro-optic switching technique and 
passed through several amplifying stages. Pulses with peak power in excess 
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of 10°MW have been generated in this way and are used in laser-fusion 
programs and infrared fluorescence spectroscopy, for example. 

A mode-locked laser may incorporate a weak saturable dye in the cavity. 
If a short pulse travels through the dye, the dye may bleach and allow the 
pulse to pass relatively unobstructed. Now, suppose that the shutter, once 
bleached, were to close again in a time short compared to the round-trip 
transit time tı of the laser. Laser oscillation that involves an intense, short 
pulse traversing the cavity would experience little loss. Competing, long-pulse 
oscillation at lower power would, on the other hand, experience considerable 
loss because the shutter is closed most of the time. It is therefore possible 
to establish conditions under which oscillation occurs as a short pulse that 
bounces between the mirrors. This is identical with the mode-locked laser 
described earlier. 

Because the total energy in a mode-locked train of pulses is roughly the 
same as the total energy in a single, longer pulse, the peak power of the 
mode-locked train is much in excess of the peak power of a conventionally 
Q-switched laser. 

Finally, for low-power, continuous-wave applications, the Nd:YAG laser 
may be pumped with an array of semiconductor-diode lasers (Sect. 8.4.8). 
Frequency-doubling (Sect. 9.3.1) this laser yields a useful source of green light 
at the wavelength of 532 nm. Indeed, the diode-pumped YAG laser displays 
greater stability than the helium-neon laser, which suffers from fluctuations 
in intensity because of the instability of gas discharges. 


8.4.3 Organic-Dye Lasers 


The other important class of optically pumped laser is the organic-dye laser. 
The active medium is an organic dye dissolved in a suitable liquid. The dye 
molecules are basically three-level systems, with energy-level schemes like 
that in Fig. 8.15. The energy levels are shown as bands; these bands result 
from the energy of vibration of the dye molecule. The width of the bands 
gives rise to a broad fluorescence spectrum and hence the existence of tunable 


2 
> b uumcc-— — À—— A. 
>> : 
o0 
- — A — 
= —————M 
u (TRIPLET LEVELS) 


Fig. 8.15. Dye laser 
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lasers. Unfortunately, level 2 has a lifetime that is of the order of microsec- 
onds, rather than milliseconds. As a result, a very great pumping power is 
required to maintain a population inversion. 

In addition, the organic dyes have a fourth level known as a triplet level. 
The triplet level does not contribute to laser action. Molecules in level 2 
decay to the triplet level in about 1 us. The triplet level is very long lived, so 
the molecules will not soon return to the ground state, level 1. Laser action 
therefore stops when a significant fraction of the molecules is in the triplet 
level. 

To minimize the effect of the triplet state, flashlamp-pumped dye lasers 
use special, low-inductance capacitors and, sometimes, specially constructed 
flashlamps to permit discharging the capacitor across the flashlamp in a 
few microseconds or less. The dye is thereby made to lase efficiently be- 
fore molecules are lost to the triplet level. In addition, certain triplet-state- 
quenching additives help somewhat to bring the dye from the triplet level 
back to level 1. 

Other dye lasers are continuously pumped with an argon-ion laser. The 
triplet level is still a problem, but is usually surmounted by flowing the dye 
solution through the laser cavity. If the active volume is small enough and the 
rate of flow great enough, molecules are physically removed from the cavity 
before an appreciable fraction of the molecules is lost to the triplet level. 

Despite these difficulties, dye lasers are of considerable importance, mainly 
because of their tunability. Each dye has a broad fluorescence spectrum, and 
the laser is easily tuned across the spectrum with a grating or prism located 
inside the cavity. In addition, the great number of available dyes allows coher- 
ent radiation to be produced at any wavelength in the visible spectrum. Dye 
lasers, usually pumped by argon-ion lasers, have been mode-locked to achieve 
pulses with durations well under 1 ps. These lasers are useful for studies in 
optical communications and detectors, as well as photochemistry and fast 
physical phenomena. 

The Ti:sapphire laser is a solid-state laser pumped by an argon-ion laser. 
Its broad fluorescence spectrum, 680 nm-1.1 um, and the convenience of solid- 
state lasers make it a useful replacement for many dye lasers. Ti:sapphire 
lasers may also be mode-locked to achieve pulses well under 1 ps in duration. 


8.4.4 Helium-Neon Laser 


The helium-neon or He-Ne laser is not optically pumped, but electrically 
pumped. The active medium is a gas mixture of about 5 parts helium to 
each part of neon, at a pressure of about 400 Pa (3 Torr). Pumping takes 
place because of a glow discharge established in the tube. Helium is excited 
to a certain level by electron impact. The energy is transferred rapidly to a 
neutral neon atom which has an energy level that is very slightly below that 
of the helium atom. This is the upper laser level; the most important laser 
transition takes place at 633 nm. 
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Although the helium-neon laser is not optically pumped, its behavior 
below threshold can be described adequately by rate equations (Sect. 8.2.1). 
In the case of the ruby laser, we observed very large fluctuations, or spiking, 
in the output. This was attributed to a sort of oscillation of the normalized 
population inversion n about the threshold value n,. In the helium-neon laser, 
n does not undergo such oscillations but rather takes on precisely the value 
ną. As a result, the output of the helium- neon laser is continuous and stable. 

Helium-neon lasers are continuously pumped, usually with a dc power 
supply. Typically, they emit powers ranging from 0.3 to 15 or more mil- 
liwatts in the 00 transverse mode. The spectral width Av of the 633-nm 
neon line is about 1500 MHz; the gain of the laser tube may exceed 1 over 
a bandwidth of more than 1000 MHz (see Fig. 8.8). The length of most com- 
mon helium-neon laser cavities is such that the output will exhibit either 
one mode or two, depending on the precise length of the cavity. As the cav- 
ity length changes minutely owing to thermal expansion, the laser output 
remains constant within perhaps 1 96. 

Many helium-neon lasers employ hemispherical cavities with mirrors ex- 
ternal to the plasma tube. The gain of the laser is extremely low; Brewster- 
angle windows are essential to eliminate reflection loss. Even so, the out- 
put mirror is likely to have a reflectance of over 99% with a 15- or 20-cm 
plasma tube. Because of the Brewster window, the output is polarized with 
the electric-field vector in the plane that includes the axis of the laser and 
the normal to the Brewster window. 

Other helium-neon lasers, especially inexpensive models, are manufac- 
tured with mirrors cemented directly to the laser tube. Lacking a Brewster 
window, these lasers contain no element designed to control the polarization 
and are often called unpolarized or randomly polarized. In fact, however, al- 
ternate spectral modes are alternately polarized. That is, if a mode that has 
an even mode number m in (8.40) is polarized horizontally, then modes that 
have odd mode numbers m + 1 are polarized vertically. Since the laser gen- 
erally oscillates in two spectral modes whose powers vary with cavity length, 
the polarization of the output beam is not constant but varies from some- 
what horizontal to somewhat vertical as the even or the odd mode gains 
ascendancy. The only way to obtain a steady, polarized output from such a 
laser is to place a polarizer at 45? and sacrifice half the output power. 

A single-mode laser, on the other hand, requires delicate temperature or 
length control to ensure that the cavity mode coincide precisely with the 
center of the spectral linc. Otherwise, the output power will vary greatly as 
changes in cavity length reduce the gain by altering the resonance frequency. 


8.4.5 Ion Lasers 


The argon-ion laser can be made to oscillate at several wavelengths at the 
blue and green end of the visible spectrum. The important transitions take 
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place between energy levels of the Art! spectrum. A high-current arc dis- 
charge will produce enough singly ionized argon atoms to bring about the 
required gain. A close relative of the argon laser is the krypton-ion laser, 
which produces a strong red line, among others. 

Because of the energy required to ionize an atom and then raise the ion 
to an excited state, the efficiencies of all arc-discharge lasers are extremely 
low. 

Nevertheless, once a population inversion is maintained, these lasers have 
very high gain and can provide continuous-output powers up to several watts. 

The most important argon-laser line has a wavelength of 514.5 nm. Other 
lines may be chosen by rotating a grating or prism inside the cavity. The laser 
will oscillate in all its lines simultaneously if broadband reflectors are used 
and the grating is removed. The krypton-ion laser can be made to look nearly 
white when several lines across the visible spectrum are made to oscillate 
simultaneously. 

Like the Nd:glass laser, the argon-ion laser is often mode-locked for short, 
high-power pulses. The argon-ion laser is usually mode-locked by means of 
a loss modulator, rather than a saturable dye, placed in the cavity. The loss 
modulator is a device, either acoustic-optic or electro-optic, that periodically 
reduces the overall gain of the cavity by introducing a time varying loss into 
the system. The loss is generally sinusoidal in time, and the frequency is half 
the frequency difference between adjacent spectral modes, or c/4d. 

As with passive, dye mode-locking of the Nd:glass laser, mode-locking of 
the argon-ion laser is most easily understood in terms of a pulse developing 
in the cavity, rather than in terms of the spectral modes of the cavity. To 
begin, consider a short pulse originating in the cavity and passing through 
the loss modulator at a time when its loss is 0. (The pulse may be a small 
fluctuation in the spontaneous emission that takes place before the onset of 
laser action.) The round-trip transit time of the cavity is 2d/c. After this time 
interval, the loss modulator has gone through one-half period, and its loss 
is again 0. The pulse slips through with relatively little loss; all other small 
fluctuations occur at different times and pass through the loss modulator 
when its loss is comparatively high. Thus the first small pulse that passes 
through the loss modulator with the right timing is amplified and ultimately 
gives rise to a mode-locked output such as we have discussed previously. 


8.4.6 CO; Laser 


The molecular-CO; laser oscillates at 10.6 um in the infrared. The impor- 
tant transition occurs between vibrational energy levels of the CO; molecule. 
CO; lasers are operated continuously, pulsed, or Q-switched. Even a small, 
continuous CO; laser is capable of emitting a fraction of a watt and can heat 
most materials to incandescence in a short time. (Because the beam must 
be blocked, it is important to use materials that do not release dangerous 
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contaminants, particularly beryllia, into the air.) CO% lasers are in use today 
for cutting metal and fabric and for welding metals. 

The electric discharge that excites most gas lasers is a glow discharge 
or an arc that is maintained by an anode and a cathode at the ends of a 
long, thin plasma or discharge tube. A few lasers are excited by an rf (radio 
frequency) discharge. All such lasers operate with gas pressures well below 
atmospheric pressure. 

There is another class of gas laser known as transversely excited 
atmospheric-pressure lasers, or TEA lasers, for short. The TEA laser is al- 
ways pulsed, and, as the name implies, it is excited by an arc discharge at 
roughly atmospheric pressure. The current in the arc flows at right angles to 
the axis of the laser. 

Many CO; lasers are also TEA lasers. They require relatively simple gas- 
handling systems and are therefore inexpensive and easy to construct. They 
may be repetitively pulsed and, like other CO; lasers, display high peak power 
or high average power. 

The danger to the tyro who attempts to build such a laser cannot be 
overestimated. 


8.4.7 Other Gas Lasers 


Another laser system with increasing importance is the helium- cadmium 
laser, which oscillates continuously at 442 nm, in the blue. Many of the diffi- 
culties of vaporizing sufficient cadmium metal and preventing it from plating 
on electrodes and cooler portions of the tube have been largely overcome. 
The He-Cd laser is relatively inexpensive and can compete favorably with 
the He-Ne and argon-ion laser for low-power applications, especially where 
short wavelength is desirable. 

Other gas lasers include the water-vapor and HCN lasers, both low-power, 
far-infrared lasers. Hydrogen- and deuterium-fluoride lasers oscillate at vari- 
ous wavelengths between 3 and 5 um, in the infrared. They are transversely 
excited and are attractive as high-power sources at wavelengths shorter than 
10.6 um. The pulsed nitrogen laser is a source of high power in the ultraviolet 
portion of the spectrum, at 337 nm. Finally, excimer lasers are lasers that use 
halides of the noble gases as their active media. These are pulsed and produce 
high peak powers in the ultraviolet spectrum. 

Dozens of other materials have been made to exhibit laser action at hun- 
dreds of wavelengths; Table 8.1, Principal laser lines, mentions only those 
that are common or commercially available. See also Vol. 2 of the Springer 
Series in Optical Sciences. 


8.4.8 Semiconductor Lasers 


Also known as a diode laser, junction laser, or injection laser, the semicon- 
ductor laser is important in optical communications and optical-computer de- 
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Table 8.1. Commonly available lasers 


Material Wavelength Mode of oscillation Power or 
energy per pulse 
alexandrite* 700 - 800 nm continuous 100 mW -2W 
alexandrite* 700 — 800 nm pulsed 100 mJ - 1 J 
argon 458, 515 nm continuous 10 mW - 10 W 
carbon dioxide 10.6 um pulsed 1-100 J 
carbon dioxide 10.6 um continuous 1 W -10 kW 
color center? 1.45 — 1.85, continuous 1 - 300 mW 
2.3 — 3.45 uum 
copper vapor 511, 578 mm pulsed 1 - 20 mJ 
deuterium, hydro- 2.6 — 4 um pulsed 1 - 10 J 
gen fluoride 
erbium:glass fiber 1.55 uum continuous or mode 1 - 50 mW 
locked 
excimer 157, 193, 248, pulsed 100 — 500 mJ 
308, 351 nm 
helium-cadmium 442 mm continuous 1 - 50 mW 
- helium-neon 543, 633 nm, 1.52 4m continuous 1 - 50 mW 
krypton 351, 413, 647 nm continuous 10 mW - 10 W 
methanol 71, 119, 171, 469, continuous 1mW-1W 
571, 699 um 
neodymium: 1.06 um pulsed, Q switched, 1 - 50 J 
glass or mode locked 
neodymium:YAG 1.06, 1.32 um continuous 1 kW 
neodymium:YAG 1.06, 1.32 um continuously mode 1W 
locked 
neodymium:YAG, 532 nm diode-laser pumped, to 500 mW 
frequency-doubled continuous 
nitrogen 337 nm pulsed 1 uJ - 10 mJ 
organic dye? 400 ~ 900 nm pulsed « 1 mJ - 10 J 
organic dye* 400 - 900 nm continuous or mode 1 W 
locked 
ruby 694 nm pulsed, Q switched 10 mJ - 10 J 
semiconductor 670, 780, 850, 980 nm; continuous or ] - 10 mW, 
diode” 1.3, 1.55 um modulated single mode 
semiconductor 670, 780, 850 nm; 1.3, pulsed to 10 J 
diode 1.55 um 
titanium: sapphire* 700 nm - 1 um continuous or mode 100 mW - 5 W 
locked 
titanium: sapphire* 700 nm - 1 um pulsed 1- 10 mJ 


meXDuMPA CANDELA, — WV 
* Tunable over a wide range. 


> A tunable diode laser is tunable over a narrow range around the stated wavelengths 
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sign. It is a close relative of the light-emitting diode, which has already seen 
considerable application in alphanumeric and other displays, optical range 
finding, and short-range communication. 

A semiconductor laser is a light-emitting diode with two of the faces 
cleaved or polished so they are flat and parallel. The other two faces are 
roughened. Because of the high index of refraction of the material, the pol- 
ished faces have sufficient reflectance to allow oscillation. 840-nm light is 
emitted from a slab along the junction and because of diffraction has a beam 
divergence of 5-10*. 

Like light-emitting diodes, semiconductor lasers are basically pn junctions 
of gallium arsenide, although more complicated structures involving gallium 
aluminum arsenide and galllium aluminum arsenide phosphide have evolved. 
Continuous, room-temperature semiconductor lasers are now available and 
are used for optical communications at 1.3 and 1.55 m as well as 840 nm 
(Sect. 12.1). 


8.5 Laser Safety 


Probably the most dangerous aspect of many lasers is the power supply. Still, 
the beam emitted by some lasers can be harmful to the eyes or even the skin. 
Therefore, it is worthwhile to dwell on the dangers posed by lasers and other 
intense sources. 

Radiation can harm the eye in several ways, depending on the wavelength. 
Ultraviolet light below 300 nm or so can “sunburn” the cornea or, at higher 
intensity, the skin. Slightly longer-wavelength ultraviolet radiation penetrates 
the cornea at least in part and is absorbed in the lens. It may cause a cataract, 
or opacity of the lens. Visible and ncar-infrared radiation through about 1.4- 
um wavelength penetrates fairly efficiently to the retina, where it may be 
focused to a small spot and cause either photochemical or thermal damage. 
Radiation between the wavelengths of 1.4 and 3 um penetrates to the lens 
and may cause cataracts; longer-wavelength infrared radiation is absorbed 
near the surface of the cornea and can cause damage there. Even microwave 
radiation, because of its ability to heat tissue, has been implicated in the 
formation of cataracts. 

Laser sources have been placed into four classes defined by the lasers' 
ability to cause damage to the eye. These are usually designated by Roman 
numerals from I to IV. Class I lasers are believed to be unable to cause damage 
even when shone directly into the eye for an extended period of time. Class II 
lasers emit low-power visible radiation that can probably not cause damage 
within 0.25 s if shone directly into the eye; the duration, 0.25 s, is assumed 
to be the time required for an aversion response, in this case, a blink. In the 
visible and near-infrared regions, Class II lasers are those that emit between 
approximately 1 uW (depending on wavelength) and 1 mW. There are fairly 
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large safety factors built into the classifications, but a glance down a Class 
II laser should not be encouraged. 

Class III lasers are those that can create a hazard in less than 0.25 s; Class 
IV lasers are those that can create dangerous levels of radiation by diffuse 
reflection. Many Class IV lasers are also fire hazards or emit so much power 
that they can vaporize whatever is used to block the beam and thereby put 
dangerous chemicals (such as beryllium compounds) into the air. All lasers 
except Class I lasers must have labels that state the laser's classification. In 
addition, operators of Class IlI and IV lasers are required to employ a variety 
of safety measures to protect themselves as well as more casual passers-by. 

To put the laser-classification scheme into perspective, let us compare 
the retinal irradiance that results from a direct look at the sun and a direct 
look down a 1-mW helium-neon laser. The sun subtends about 10 mrad and 
delivers an irradiance about equal to 100 mW-cm~? at the earth's surface. The 
focal length of the eye is about 25 mm, so the image of the sun has a diameter 
of about 25 mm times 10 mrad, or 0.25 mm. If the eye is bright-adapted, the 
pupil diameter is approximately 2mm, and the total power incident on the 
pupil is about 3 mW. The irradiance is equal to this power divided by the 
area of the image, or 6 W-cm~?. Had the eye been dark-adapted immediately 
before the exposure, the pupil diameter might have been as much as 8 mm. 
Then the retinal irradiance could have been as much as 100 mW-cm"?. 

Now let us assume that a 1-mW laser with a 2-mm beam diameter (1- 
mm beam radius w) is aimed directly into the eye. With a 2-mm pupil, the 
eye is diffraction limited, so we assume diffraction-limited imagery in this 
case. If the wavelength of the laser is 633 nm, the radius of the beam waist 
on the retina is Af’/mw, or about 5 um. The average irradiance inside a 
circle with this radius is about 1kW-cm~?, or about 200 times more than the 
irradiance brought about by the sun; the total focused powers are roughly 
equal. Whether power or irradiance is the important quantity depends on 
the mechanism of damage. In any case, looking down the bore of a common, 
1-mW helium-neon laser is at least roughly comparable to looking directly 
at the sun. Those who suffer from eclipse blindness can attest that the full 
power of the sun is not necessary to bring about permanent damage in a 
relatively short time. 


8.5.1 Sunglasses 


Long-term exposure to relatively high irradiance can cause damage to the 
retina, whether or not the light is coherent. The blue and ultraviolet spec- 
tral regions can cause photochemical damage at irradiances far below the 
threshold for visible burns. Light of these wavelengths may be implicated 
in senile macular degeneration, a disorder that causes elderly people to lose 
their visual acuity. 

The danger from the short-wavelength radiation is potentially increased 
with some sunglasses if they are on average dark enough to increase the 
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pupil diameter and yet are manufactured so that they transmit harmful 
wavelengths selectively. Therefore, sunglasses should probably be designed 
for greater attenuation of wavelengths below about 550nm; they should at 
any rate not exhibit high transmittance at wavelengths just shorter than 
visible light. Unfortunately, some sunglasses, among them some polarizing 
sunglasses, exhibit high transmittance just below 400nm. A rule of thumb, 
which is not necessarily accurate, states that yellow or brown lenses are less 
likely to transmit short wavelength radiation than are neutral or gray lenses. 
[Glasses that have colored lenses (especially blue lenses) and are not specifi- 
cally described as "sunglasses" should probably be avoided entirely.] 

There is also speculation that ambient levels of infrared radiation may 
be harmful to the eye, but this is less well established. Many sunglasses 
transmit near-infrared radiation efficiently, and this also might cause a hazard 
if the pupil dilates significantly. Another rule of thumb, again not necessarily 
applicable to all cases, suggests that metal-coated sunglasses are the least 
likely to have high-transmittance windows at wavelengths other than those 
of visible light. 


Problems 


8.1 Suppose that a three-level laser has a fourth level that can partially 
deplete level 2. Write a rate equation that includes the effects of level 4. 

Suppose that the laser is to be pulsed and that level 4 is long lived com- 
pared to the pulse duration. Assuming that steady-state conditions are ap- 
proximately valid, solve the rate equations and show that the threshold is 
increased and that the population inversion (and therefore the gain) is de- 
creased by the presence of level 4. 


8.2 (a) Show that the duration of the pulses emitted by a mode-locked laser 
is about equal to the reciprocal of the linewidth Av of the laser transition. 

(b) Explain why the pulse duration may be longer than 1/Av if not all 
the modes are locked to the same phase. 


8.3 Depth of Focus of a Gaussian Beam. This may be defined as the axial 
distance over which the beam width remains less than, say, 2w. (a) Calculate 
the depth of focus on the basis of this definition. [Answer: /3mw?/A. This 
distance is called the Rayleigh range.) 

(b) A lens can be shown to transform a plane wave at one focal point into 
a plane wave at the other. Explain what happens when a Gaussian-beam 
waist is located at the primary focal point F of a lens. Consider two cases: 
when the beam waist at F is small compared with f, and when it is large. 
[Hint: Calculate the radius of curvature of the beam when it hits the lens.] 

(c) Suppose that we try to collimate a Gaussian beam by locating a small 
waist at F. Over what range may the beam be considered collimated? 
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8.4 A certain 1-mW helium-neon laser is made with a nearly hemispherical 
cavity about 30cm long. The beam diameter on the surface of the curved 
mirror is 1 mm. A spatial filter is to be made using a 10 x microscope objective 
and a pinhole. Find the diameter of the pinhole. 


8.5 Calculate the approximate length of a helium-neon laser that will os- 
cillate in one spectral mode when the cavity resonance happens to coincide 
with the wavelength of maximum gain, but will oscillate in two modes when 
the cavity resonance is far from that wavelength. Calculate the maximum 
length of a temperature-stabilized laser that is designed to oscillate in only 
one spectral mode at precisely the center of the gain curve of the laser. 


8.6 A helium-neon laser cavity is 30cm long. Show that the degree of coher- 
ence is nearly 0 for path lengths equal to 30 cm. 


8.7 The higher-order transverse modes have greater diffraction loss than the 
00 mode. A laser will therefore oscillate in a single transverse mode only when 
diffraction is large enough to be a factor. Consider a plane-parallel cavity that 
contains a circular aperture near one end. If the diameter of the aperture is 
D and the length of the cavity is d, when will diffraction become apparent? 
Develop a criterion for estimating the aperture diameter necessary to force 
00-mode oscillation. What is this diameter for L — 1 m and A — 1.06 um 
(Nd:YAG)? 


8.8 We need to know the spot radius wo of a Gaussian beam at the focal point 
ot a 40 x microscope objective. The lens is well corrected, and its entrance- 
pupil diameter D is much larger than the beam radius w = 1 mm. The spot 
at the focal point is too small to measure directly. Explain in detail how 
to measure wo. (Af'/w is not sufficiently accurate for our purpose because 
neither f' nor w is known accurately enough.) 


8.9 A helium-neon laser cavity is 1.5 m long, A = 633 nm, and the fluores- 
cence linewidth is 1500 MHz. Calculate the frequency difference Av between 
adjacent spectral (axial) modes. Explain why the coherence length of the 
laser is about equal to that of the incoherent fluorescence line. 


8.10 A laser could be mode-locked by vibrating one of the end mirrors at 
frequency c/4d. Give a qualitative explanation in terms of cavity modes. In 
terms of Doppler shift. [This is an example of a mode-locking mechanism 
that is more easily visualized physically in terms of modes than in terms of a 
pulse propagating back and forth in the cavity. In practice, the mirror cannot 
be vibrated fast enough, but the laser may be mode-locked by changing the 
optical length of the cavity (as opposed to its physical length) with an electro- 
optic device.) 


9. Electromagnetic and Polarization Effects 


Under this heading we discuss the electromagnetic theory of light, polariza- 
tion, birefringence, harmonic generation, electro- and acousto-optics, and re- 
lated topics. Light consists of time-varying electric and magnetic fields. These 
fields are vectors, and their directions are almost always perpendicular to the 
direction of propagation of the light. When the electric-field vector E of a 
light wave lies in one plane only, the light is said to be plane-polarized. The 
magnetic-field vector H is then perpendicular to both the direction of prop- 
agation and the electric field vector, as shown in Fig. 9.1. Because the fields 
propagate together and maintain a constant 90? phase difference with one 
another, it is usually sufficient to describe the wave with either the electric 
vector or the magnetic vector. It is conventional to choose the electric vector, 
largely because the interaction of matter with the electric field is stronger 
than that with the magnetic field. Therefore, the wave shown in Fig. 9.1 is 
said to be vertically polarized because the electric-field vector lies in a vertical 
plane. Unfortunately, in classical optics, the plane of polarization is defined 
perpendicular to the electric-field vector. We shall use the electric-field vector 
throughout. 


9.1 Reflection and Refraction 


9.1.1 Propagation 


To understand reflection, refraction, harmonic generation, and related topics 
physically, we will find it helpful to discuss propagation in optically dense 
media, that is, transparent media whose index of refraction is greater than 1. 

Consider, for simplicity, a plane-polarized electromagnetic wave that prop- 
agates through vacuum and across an interface with a transparent, dielectric 
medium. The electric field associated with the wave induces dipoles in the 
material; the induced dipole moment per unit volume P is 


P - XE, (9.1) 


where X, the polarizability, is a property of the material and is, for most 
practical purposes, a constant. 
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Fig. 9.1. Electromagnetic wave 
propagating in free space 


H 


The dipoles oscillate with the same frequency as the field, but with not 
necessarily the same phase. We know from classical electrodynamics that such 
oscillating dipoles radiate at their oscillation frequency. Therefore, the mate- 
rial radiates electromagnetic waves with the same frequency as the incoming 
field. 

A portion of this radiation propagates back into the vacuum and is said 
to be the reflected wave. Light is reflected whenever it strikes a boundary 
between media that have different indexes of refraction. 

The remainder of the radiation emitted by the induced dipoles propagates 
into the material, where it interferes with the original wave. Because of the 
phase difference between P and E, the velocity of the total field in the 
medium is reduced by a factor of n, the index of refraction. 


9.1.2 Brewster’s Angle 


The plane that contains the incident, reflected, and refracted waves is known 
as the plane of incidence. Consider a wave that is incident on a surface and 
polarized so that its electric-field vector lies in the plane of incidence. There 
will be some angle of incidence ig, called Brewster's angle, for which the 
refracted and reflected waves propagate at right angles to one another, as 
in Fig. 9.2. The reflected wave, however, is driven by the oscillating dipoles 


Fig. 9.2. Brewster's angle 
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induced in the material. Oscillating dipoles radiate primarily in the direc- 
tion perpendicular to their axes; they radiate no energy along their axes. 
Therefore, in this polarization, there is no wave reflected at Brewster’s angle. 

Using Snell’s law, combined with the fact that the reflected and refracted 
waves are perpendicular, we find that Brewster's angle ig is 


ig = tan ! n. (9.2) 


For a glass-air interface, ig is about 57°. 

Brewster's angle is important for several reasons. First, many lasers use 
Brewster windows inside the cavity to reduce reflection loss. Brewster win- 
dows are important in low-gain lasers such as helium neon lasers, where a 
few percent loss can completely inhibit laser action, and in high-power lasers, 
where antireflection coatings would be destroyed by the intense beam. 

If unpolarized light is shone on a surface at Brewster's angle, the re- 
fracted wave will be partially polarized because the reflectance at Brewster's 
angle is 0 only for waves whose electric-field vectors lie in the plane of inci- 
dence. Waves whose electric-field vectors are perpendicular to the plane of 
incidence exhibit about 15% reflectance from a glass surface. A beam that 
passes through a number of plates of glass at Brewster's angle will be nearly 
100% plane-polarized with its electric field in the plane of incidence. Polar- 
izers made of a pile of plates are useful in laser applications where other 
polarizers would be damaged by the laser. 


9.1.3 Reflection 


Consider, for simplicity, a plane-polarized wave incident on an air-to-glass 
interface. The index of refraction of the air is very nearly 1; the index of the 
glass is n (about 1.5 for common optical glass). The fraction of light reflected 
depends on the angle of incidence, the direction of the electric-field vector of 
the incident light, and the index n. A calculation based on electromagnetic 
theory may be found in any text on electricity and magnetism; here we discuss 
the results. 

If the incident light is polarized with its electric vector parallel to the 
plane of incidence, the amplitude reflectance is 


_ tan(i — i") 


r -— LI 
| tan(i + i^) (9.3a) 
and the amplitude transmittance is 
2sin i' cosi 
£& = ———————————— . à 
! sin( + 2’) cos(i — i’) (9.3b) 


When i + i' = 7/2,r, = 0. This is Brewster’s law. 
If the incident light is polarized with its electric vector perpendicular to 
the plane of incidence, then the amplitude reflectance is 
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Fig. 9.3. Reflectance from the surface of a 
dielectric medium whose index of refraction 
is 1.5 


Reflectance 


— sin(i — 2’) 
L7 miti ’ (9.3c) 


and the amplitude transmittance is 
_ 2sinicosi’ 
~ sin(i4 i) ` 
The preceding four equations are known as Fresnel's laws. 

The minus sign in the equation for the amplitude reflectance of light po- 
larized with its electric vector perpendicular to the plane of incidence signifies 
a phase change on reflection of 7. 

The (intensity) reflectance Ry or R, is calculated by squaring Ty Or T. 
Figure 9.3 shows a plot of reflectance as a function of angle of incidence for 
reflection from glass whose index of refraction is 1.5. The most prominent 
features of the graph are the existence of the Brewster angle at 57? and 
the rapid approach to 100% reflectance at grazing incidence (i = 7/2). The 
reflectance of both polarizations is about 496 for angles of incidence between 
0 and 30°. The dashed line shows the reflectance of unpolarized light; it is 
the average of the two solid curves. 


(9.3d) 


Example 9.1. Show that the reflectance at normal incidence is 


_ (n- 1)? 
— (n+1)? 


for either polarization. 


(9.4) 


The (intensity) transmittance T, or T, is calculated by squaring the 
amplitude transmittance and multiplying by n, because the intensity in a 
medium is n times the square of the electric field strength (Sect. 5.1). 

Because of the effects of the second medium on the electric and magnetic 
fields, the sum of the amplitude reflectance and transmittance is not 1. The 
relationships among the incident, reflected, and transmitted amplitudes must 
be calculated by applying the boundary conditions of electromagnetic theory. 
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Similarly, the sum of the intensity reflectance and transmittance is not 1. This 
is because real beams of light have finite cross-sections; the cross section is 
diminished after refraction at the interface. Therefore, the intensity (strictly 
speaking, irradiance or power per unit area) of the beam in the medium is 
increased in proportion to the amount by which the cross section is diminished 
(Problem 9.1). 


9.1.4 Interface between Two Dense Media 


Fresnel’s laws may also be applied to the case of reflection at the interface 
between media whose indices are n and n’. If we define the relative index of 
refraction u by the equation 


n 
w= n! ; (9.5) 


we may replace n by up in any of the Fresnel equations. In particular, the 
reflectance at normal incidence is 


in the general case. 


9.1.5 Internal Reflection 


This is the case where the light propagates across the boundary from glass to 
air, not from air to glass. Fresnel's laws apply to internal reflection, provided 
only that 7 and 7’ be interchanged. Figure 9.4 shows reflectance as a function 
of angle of incidence for glass for which n — 1.5. As we saw in Chap. 2, when i 
exceeds the critical angle ie, the refracted ray does not exist. The reflectance 
for both polarizations is 1 for all angles of incidence between i, and 7/2. 
(There is no discontinuity in the reflectance curves, however: both Ry and 


Reflectance 


Fig. 9.4. Internal reflection from the surface 
of a dielectric medium whose index of refrac- 
tion is 1.5 


0 90* 
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R, approach 1 rapidly near the critical angle.) When i exceeds i,, we speak 
of total internal reflection. 

Even though total internal reflection is indeed total, electric and mag- 
netic fields penetrate into the low-index material. The field strength decreases 
rapidly with distance from the boundary; the electric field falls practically to 
0 within a few wavelengths of the interface. 

The wave in the low-index medium is known as an evanescent wave and is 
one of the few examples of a longitudinal wave in electromagnetics. Nonethe- 
less, because the wave penetrates slightly into the low-index medium, the 
propagating wave can be continued past the interface by bringing a second 
glass surface into near contact with the first. The phenomenon is known as 
frustrated total internal reflection. The transmittance depends on the sep- 
aration between the two surfaces. Variable-reflectance mirrors and shutters 
and components for integrated optics have been made using the principle of 
frustrated total internal reflection. 


9.1.6 Phase Change 


Electromagnetic theory shows that the totally reflected ray undergoes a phase 
shift after reflection from the interface. The magnitude of this phase shift, or 
Goos-Hanchen shift, depends on the angle of incidence, on the relative index 
of refraction 1, and on the polarization of the incident wave. If the wave is 
polarized with its electric-field vector perpendicular to the plane of incidence, 
the phase shift ®, is given implicitly by the equation 


sin? i — (1/7) 


tan?(®, /2) = pie d 


f (9.7a) 


where p = n/n’ > 1, and sini, = 1/p. When the electric-field vector is 
polarized parallel to the plane of incidence, the phase shift $ is 


tan($,/2) = (1/yu?) tan(®, /2) . (9.7b) 


These equations may be rewritten in terms of the complement 6 of the angle 
of incidence: 


cos? 0 — cos? 6, 


tan?($ , /2) = (9.8) 


sin? 0 
and 
tan($,/2) = (1/u?) tan(®, /2) , (9.8b) 


where 6, is the complement of the critical angle. The angle 0 varies between 
0 and 6,; when 6 exceeds @,, i is less than i., and the incident ray is mostly 
refracted. 

The case where p is close to 1 has interest for studies of optical waveguides. 
The angle 6. is small in that case, so we may use the approximation that, for 
small z, cos z & 1 — (z?/2) to show that 
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n Fig. 9.5. Phase shift on reflec- 
tion 
e 
T/2 
0o 05 | o 
0/6. 
tan?(@, /2) S (1/0?) — 1, (9.9) 


where o = 0/0.. Because p is close to 1,6), = 9,. Defining the normalized 
variable o gives the equation more general applicability because ? no longer 
depends explicitly on ĝe. 

Figure 9.5 shows the phase shift as a function of angle for three values of u. 
The value 1.01 corresponds to a typical optical waveguide; 1.5 to an air-glass 
or air-vitreous silica interface; and 3.6 to an air-gallium arsenide interface 
(Chap. 12). The horizontal axis is the normalized variable 0/6., which varies 
between 0 and 1; when 6/6, is greater than 1, the reflection is no longer total. 
Normalizing the independent variable in this way makes it possible to draw 
a family of curves on the same scale and to develop an approximation that 
is independent of u over a certain range. 

Previous equations give 9 implicitly; for the case where u ~ 1, $ may be 
approximated by the empirical relation, 


= z(1— a). (9.10) 


When p = 0.6, the empirical curve approaches the exact curves asymptoti- 
cally and is almost exact as long as 0/0. < 0.6. This is shown by the dotted 
curve in the figure. The maximum error is about 2.5°. (The value p = 0.56 
does not approach the curve asymptotically but gives a slightly smaller max- 
imum error.) These curves are useful in the design of dielectric waveguides 
for integrated optics. 

When u = 1.01, the curves that correspond to the two polarizations 
coalesce to the approximation (9.10); the difference between the two exact 
curves is about equal to the thickness of the line in the figure. 

The phase shift on reflection is related to the existence of the evanescent 
wave. Because of the phase shift, a ray appears to penetrate slightly into the 
less dense medium before emerging and being reflected. This is so because the 
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phase shift is equivalent to an advance of phase of a fraction of a wavelength. 
This argument suggests (correctly) that power propagates in the less dense 
medium. Although the electric-field strength diminishes approximately ex- 
ponentially in the direction perpendicular to the boundary and the intensity 
is 0 more than a few wavelengths past the boundary, power does propagate 
in the second medium in the direction parallel to the boundary. This power 
may be important in optical waveguides (Chaps. 10-12); the evanescent wave 
may be used for coupling power into a waveguide, or, on the other hand, may 
contribute to loss of power from the waveguide. 


9.1.7 Reflection from Metals 


Most polished metal surfaces have relatively high reflectance in the visible and 
near infrared. The reflectance decreases significantly below 300 or 400 nm. 

At normal incidence, silver and aluminum have reflectances greater than 
0.9 throughout the visible spectrum. These metals owe their high reflectance 
to the presence of free electrons, which are readily set into oscillation by the 
incident electric field. The wave penetrates only a few wavelengths into the 
metal; nearly all of the light is reflected. The electrons cannot respond to the 
high frequency of ultraviolet radiation, and the metals have lower reflectance 
in that portion of the spectrum. 

The reflectance of metals varies with angle of incidence, much as that of 
dielectrics. Light polarized with its electric-field vector parallel to the plane 
of incidence passes through a principal angle that is analogous to Brewster's 
angle; that is, the reflectance is a minimum, but not 0, at the principal angle. 
The reflectance of both polarizations approaches 1 as the angle of incidence 
approaches 7/2. 


9.2 Polarization 


We have already discussed the fact that light may be plane-polarized. There 
are other states of polarization as well. Consider the light wave of Fig. 9.6. 
It consists of two plane-polarized waves out of phase with one another by an 
angle ¢. That is, at z = 0, 


BAS, (9.11) 
and 
Ey Aue PPM, (9.12) 


where the A's are amplitudes. Light polarized in this way is termed elliptically 
polarized, because in any plane normal to the z axis, the tip of the electric- 
field vector describes an ellipse once during each period of the wave. It is not 
instructive to dwell on this point, but rather to describe elliptically polarized 
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z Fig. 9.6. Elliptically polar- 
ized light wave resolved into 
two plane-polarized components 
that differ in phase 


light in terms of its components parallel and perpendicular to any convenient 
axis. 

When A, and A, are equal and ¢ is 7/2, the ellipse becomes a circle; the 
light is then termed circularly polarized. When A; and A, are equal, but the 
phase difference ¢ is a random variable that changes rapidly with time, the 
light is termed unpolarized. Much natural light, such as sunlight or blackbody 
radiation, is unpolarized or nearly unpolarized. Natural light that is reflected 
at glancing incidence from a smooth surface may be partially polarized as a 
result of the difference of reflectance between the two orthogonal planes of 
polarization. 


9.2.1 Birefringence 


Certain crystals are anisotropic; that is, their physical properties, such as 
index of refraction, vary with direction. The anisotropy is caused by the 
crystal structure of the material. The simplest kind of anisotropic crystal has 
a single axis of symmetry; in optics, that axis is called the optic azis. Uniazial 
crystals, such as calcite and quartz, have one optic axis; biazial crystals, such 
as gypsum, have two. When light propagates along an optic axis, the index 
of refraction does not depend on the plane of polarization of the light. 

Figure 9.7 shows an anisotropic crystal whose axis is inclined at an angle 
to the normal to the surface of the crystal. The optic axis and the normal 
to the surface define a plane called the principal section of the crystal. In 
Fig. 9.7, the principal section is the plane of the page. The beam incident on 
the surface of the crystal displays two polarizations, one in the plane of the 
page (parallel to the principal section) and one perpendicular to the plane 
of the page (perpendicular to the principal section). The component that 
is in the plane of the page is indicated by the slashes perpendicular to the 
direction of propagation; the other component is indicated by dots. 

We appeal to Huygens's construction to describe the behavior of the 
waves inside the crystal. At each point on the surface of the crystal, a Huy- 
gens wavelet begins to propagate, as in Fig. 5.10. However, because of the 
anisotropy of the crystal, the wavelet is not a sphere but rather an ellip- 
soid of revolution when the electric-field vector oscillates in the plane of the 
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principal section. This ellipsoid is the wave surface of the wave that is po- 
larized parallel to the principal section. Suppose that the beam has finite 
width. Then, drawing the common tangent to two or more Huygens wavelets 
to form a wavefront, we see that the beam is refracted at an angle to the 
surface of the crystal, even though it is incident normally. Owing to this ex- 
traordinary behavior, the wave that propagates through the crystal is called 
an extraordinary wave. The wave surface for light polarized perpendicular 
to the principal section is a sphere, and the wave that propagates with this 
polarization is called an ordinary wave. 

Symmetry shows that the axis of the ellipsoidal wave surface is the optic 
axis of the crystal. In Fig. 9.7, the optic axis is the major axis of the ellipsoid. 
The extraordinary wave travels faster than the ordinary wave, and the optic 
axis is therefore called a fast aris. If the extraordinary wave travels slower 
than the ordinary wave, then the optic axis is a slow axis. Calcite is a com- 
mon crystal that exhibits a fast axis, whereas quartz and mica exhibit slow 
axes. At first glance, it appears that the extraordinary wave violates Snell’s 
law. Both the electric-field vector and the wavefront of the extraordinary 
wave, however, remain parallel to the surface of the crystal after the wave 
has entered the crystal. It is the normal to the wavefront, not the direction 
of propagation of the beam, that must obey Snell’s law. That is, the normal 
to the wavefront, not the direction of propagation, defines the angle of inci- 
dence. In our case, both the angle of incidence and the angle of refraction 
are therefore 0, consistently with Snell’s law. Finally, if a narrow beam of 
unpolarized light is shone onto the crystal of Fig. 9.7 and if the crystal is 
thick enough, then the ordinary and the extraordinary rays will become spa- 
tially separated; that is, they will separate into two beams with orthogonal 
polarizations. For this reason, the phenomenon is called birefringence. 


Fig. 9.7. Propagation in a birefringent 
crystal 
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9.2.2 Wave Plates 


Consider a thin slab of birefringent material cut so that its optic axis OA lies 
in the plane of the surface, as shown in Fig. 9.8. For convenience, we take the 
optics axis to be vertical. Suppose that plane-polarized light falls at normal 
incidence on the slab. Its electric vector makes an angle @ with the optic axis. 

We may resolve the electric vector into components perpendicular and 
parallel to the optic axis. The component E parallel to the optic axis prop- 
agates through the crystal as an extraordinary ray; the component O per- 
pendicular to the optic axis, as an ordinary ray. Suppose, for example, that 
the optic axis is a fast axis, as in calcite. Because it is incident normal to the 
optic axis, the extraordinary ray propagates through the crystal unchanged 
in direction, but somewhat faster than the ordinary ray. 

Suppose that the index of refraction is n, for ordinary rays and n, for 
extraordinary rays. If the thickness of the crystal is d, then the extraordinary 
ray will propagate through an optical thickness ned, and the ordinary ray, 
nod. The extraordinary ray will lead the ordinary ray by (n, — ne)d after 
leaving the crystal. 

As a special case, let 0 be 7/4. Then the ordinary and extraordinary waves 
will have the same magnitude. Further, suppose that (no — ne)d is equal to 
A/4 at some specific wavelength A. Then the phase difference between the two 
waves will be 7/2, and the light transmitted by the crystal will be circularly 
polarized. The crystal is called a quarter-wave plate. 

As another special case, let the phase difference between the rays be 7. 
Then the crystal is known as a half-wave plate. Suppose a wave with unit 
electric-field strength falls on the half-wave plate. The wave is plane polarized, 
its electric-field vector making angle 0 with the optic axis of the crystal. The 
component of the incident electric field parallel to the optic axis is cos6; the 
component perpendicular to the optic axis is sin 0. 

The half-wave plate causes a phase shift of m between the two waves. 
Therefore, the components become cos@ and — sin, where we arbitrarily 
associate the phase shift with the ordinary ray. The emerging wave is plane- 
polarized; its electric-field vector makes angle 0 with the optic axis, but it now 
lies on the opposite side of the optic axis from the incident wave. The half- 
wave plate can therefore be used to rotate the plane of polarization through 
an angle 28. 


O 


Fig. 9.8. Wave plate 
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Quarter- and half-wave plates behave precisely as they are intended at 
one wavelength only, because the dispersion of the ordinary ray is slightly 
different from that of the extraordinary ray. Unless otherwise stated, values 
of the index difference for different materials are usually measured for sodium 
light, 590 nm. 

Example 9.2. A polarizer is a device that transmits only light whose component of 
electric-field vector is parallel to an imaginary line we call the azis of the polarizer. 

Suppose that a plane-polarized light beam is shone on a polarizer so that its 
electric-field vector makes an angle 0 with the axis of the polarizer. Show that the 
transmitted intensity is Io cos? 0, where Io is the incident intensity. This result is 
known as Malus's law. 


9.2.3 Glan- Thompson and Nicol Prisms 


Birefringent prisms may be used to plane-polarize elliptically polarized or 
unpolarized light. Such prisms take advantage of the difference between the 
indexes of refraction for the extraordinary and ordinary rays. Because of this 
index difference, the ordinary ray has a slightly different critical angle from 
the extraordinary ray. For example the indexes of refraction of crystal quartz 
at 700nm (approximately the wavelength of the ruby laser) are n, — 1.55 
and n, = 1.54; the corresponding critical angles are 40.2? and 40.5°. 
Suppose we want to make a polarizing prism of quartz and specify that 
the light must enter the prism at right angles to the face of the prism. The 
prism on the left side of Fig. 9.9 is a right-angle prism with one of the acute 
angles between 40.2? and 40.5°; the optic axis is perpendicular to the plane 
of the page. Unpolarized light enters the prism. The component with polar- 
ization parallel to the optic axis behaves as an extraordinary ray when it 
enters the prism and is totally reflected. (The optic axis OA is shown as a 
dot to indicate its direction normal to the page; the vertical component of 
polarization is similarly shown as a series of dots along the ray.) The compo- 
nent of polarization in the plane of the page (indicated by the slashes) passes 


Fig. 9.9. Glan- Thompson prism 
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through the prism but emerges nearly parallel to the interface between the 
prisms because its angle of incidence is very near to the critical angle. 

The second prism is provided to redirect the refracted ray to its original 
direction of propagation. The optic axis of the second prism is parallel to the 
direction of propagation, to ensure that the ray remains an ordinary ray. 

A pair of prism elements such as those in Fig. 9.9 is called a Glan 
Thompson prism. For laser work, these prisms are generally made of quartz 
and have a small air space between the two elements. The principle must not 
be confused with frustrated total internal reflection, however; the air space 
must be large enough that total reflection of the extraordinary ray will not 
be frustrated. 

Because of the small index difference between the extraordinary ray and 
the ordinary ray, the Glan- Thompson prism has a very small angular toler- 
ance. It must be used in highly collimated light so that the angle of incidence 
at the interface is between 40.2? and 40.5°. When the angle of incidence is 
less than 40.2°, both polarizations are transmitted; when it is larger than 
40.5°, both polarizations are reflected. Therefore, the prism is effective for a 
range of angles not exceeding one or two tenths of a degree. 

Calcite is another common, birefringent material. The index difference 
(no — ne) of calcite is considerably greater than that of quartz. In sodium 
light (590nm), no = 1.66 and n, = 1.49. Common optical cement has an 
index of refraction of about 1.55; this makes it possible to fabricate a po- 
larizing prism of calcite by cementing the two elements together. Cementing 
alleviates mechanical problems inherent in constructing an air-spaced Glan- 
Thompson prism; unfortunately neither calcite nor cemented interfaces are 
durable enough for high-power laser applications. 

The first birefringent polarizers were Nicol prisms, which are made of 
two cemented calcite elements. The principal difference between the Glan- 
Thompson prism and the Nicol prism is the angle of incidence: the incoming 
beam is normal to the face of the Glan- Thompson prism whereas it enters 
at a small angle to the face of the Nicol prism. With the exception of laser 
polarizers, birefringent prisms are comparatively uncommon today. 


9.2.4 Dichroic Polarizers 


Certain crystals, such as tourmaline, are not only birefringent; they absorb 
one plane of polarization and transmit the other. Such crystals are called 
dichroic crystals. 

Polarizing films are made of sheets of an organic polymer containing sub- 
microscopic, dichroic crystals whose axes are aligned parallel to one another. 
The process whereby the films are made is complicated, but involves stretch- 
ing the organic polymer to orient the molecules and then treating the polymer 
chemically to create dichroic crystals with their axes parallel to the oriented, 
polymer molecules. 
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Polarizing films are almost uniformly gray throughout the visible and 
transmit highly polarized light. The angle of incidence is not critical. The 
films are inexpensive and have all but replaced Nicol prisms in the laboratory. 
Unfortunately, because of their strong absorption, they cannot be used with 
high-power lasers. 


9.2.5 Optical Activity 


Certain substances, among them crystal quartz and sugar solutions, will ro- 
tate the plane of polarization of a linearly polarized beam. The direction of 
rotation may be either clockwise or counterclockwise (as seen by the ob- 
server looking backward toward the source). Clockwise rotation is called 
right-handed; counterclockwise, left-handed. Materials that rotate the plane 
of polarization are termed optically active. 

A plate of crystal quartz with its optic axis parallel to the incident beam 
of light will rotate sodium light approximately 20° per millimeter of thickness; 
the effect is roughly inversely proportional to wavelength. Crystal quartz may 
be either right-handed or left-handed, depending upon the sample. This is 
possible because there are two possible crystal structures, one the mirror 
image of the other. 


9.2.6 Liquid Crystals 


These are organic compounds that show long-range order in one or two di- 
mensions, but not all three. Liquid crystals are commonly used in electronics 
in the displays of digital watches, lap-top computer screens, and pocket tele- 
vision receivers. 

The liquid crystals used in these displays are usually nematic liquid crys- 
tals. These are compounds whose molecules are aligned in the direction par- 
allel to their long axes, but are not aligned in layers perpendicular to the axes 
of the molecules. They are often likened to matches in a box: If you shake 
the box, the matches align parallel to one another, but there is no particular 
order in the other two dimensions. The matches can be poured, but if you 
confine them, as in a narrow box, they will realign parallel to the long axis 
of the box. Nematic liquid crystals behave analogously; they can be made to 
align by confining them, for example, between two plates of glass separated 
by 5 or 10 um. 

In bulk, nematic liquid crystals display only short-range order. For dis- 
plays, they must be sandwiched between two specially prepared glass plates. 
These plates are prepared so that their surfaces have a preferred direction, 
that is, so that their surfaces are anisotropic. This preparation may be ef- 
fected in the laboratory by rubbing a surface in one direction with a cloth. 
For mass production, a coating is sputtered or evaporated onto the surface, 
but the surface is oriented so that the droplets or molecules strike the surface 
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at glancing incidence as they are deposited. Either treatment prepares an 
anisotropic surface that causes the liquid-crystal molecules to align parallel 
to the preferred direction on the surface. 

In a display, the two glass surfaces are oriented parallel to one another 
and 5-10 um apart, but one of the plates is rotated so that the preferred 
directions of the surfaces are aligned perpendicular to one another. When the 
space between the surfaces is filled with liquid crystals, the molecules that are 
in contact with one surface orient along the preferred direction. Similarly, the 
molecules that are in contact with the other surface orient parallel to that 
preferred direction. Since these directions are orthogonal, the molecules in 
the volume between the two surfaces follow a helix that begins at one glass 
surface and ends at the other. 

Such an arrangement is called a twisted nematic liquid crystal and is op- 
tically active. Specifically, the plane of polarization of a light beam incident 
on the sandwich at normal incidence is rotated by 90°, since that is the an- 
gle of twist of the helix. We may, however, change the angle of rotation by 
applying an electric field perpendicular to the plane of the sandwich. As the 
field is increased, the molecules gradually change their orientation so that 
they become more and more nearly parallel to the electric field, or perpen- 
dicular to the glass plates. When the molecules are fully perpendicular to the 
plates, the sandwich loses its anisotropy, at least for beams that are incident 
perpendicular to the plane of the sandwich; this is so because the molecules 
display no preferred orientation in the directions perpendicular to their axes, 
and the beam is incident parallel to the optic axis of the liquid-crystal layer. 

To make a display. we simply enclose the sandwich between crossed po- 
larizers. The axes of the polarizers are parallel to the preferred orientations 
of the glass plates. We may orient the polarizers for either transmission or 
extinction, In either case, as we change the electric field across the sandwich, 
the transmittance of the sandwich changes gradually from clear to opaque, 
or the reverse. To make a visual display, we use a network of fine wires or 
of transparent electrodes to create the needed electric field as a function of 
position across the plane of the sandwich. A liquid-crystal television may be 
used in the object plane of an optical processor (Sect. 7.2). 

Nematic liquid crystals are ordered in only one dimension, the dimension 
parallel to their axes. Smectic liquid crystals show ordering in two dimensions. 
Specifically, in addition to nematic ordering, smectic liquid crystals organize 
into layers. The planes that divide the layers are perpendicular to the axes of 
the molecules. If nematic liquid crystals are like matches in a box, then smec- 
tic liquid crystals are like logs or cords of wood stacked against one another, 
end to end. There is, however, no ordering in any direction perpendicular to 
the axes of the molecules. 

Ferroelectric liquid crystals are smectic liquid crystals whose molecules 
display a permanent dipole moment. If the dipole moments are aligned in an 
electric field, the liquid crystals become anisotropic and therefore birefrin- 
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gent. A sandwich of ferroelectric liquid crystals may be used in displays, but 
generally these displays do not exhibit a continuous range of transmittance 
like displays that use twisted nematic crystals. That is, the alignment of the 
molecules may be reversed by reversing the electric field, but it is difficult to 
align the molecules at intermediate angles other than parallel or perpendic- 
ular to the field. For this reason, the elements in the display may be made 
either completely transmitting or completely opaque, but it is difficult to ob- 
tain a range of transmittance. Ferroelectric liquid crystals therefore are less 
useful for visual displays, but they show promise for optical processing (Sect. 
7.2) and for digital computers based on optics rather than electronics. 


9.3 Nonlinear Optics 


We began this chapter with a discussion of propagation of light through an 
optically dense medium and noted that the induced dipole moment per unit 
volume P is, for most purposes, proportional to the incident electric field E. 
In fact, when the electric field becomes sufficiently large (as with a laser), P 
is no longer quite proportional to E. We may regard the relation P = XE 
as the first term in a series expansion of some more general function. In that 
case, the function may be expressed 


P = X E + XE? + XE? +..., (9.13) 


where X2, X3,... are known as nonlinear polarizabilities. 

Suppose that the incident field has the form E = Asinwt. We use the 
trigonometric identities cos 2r = 1 — 2sin? z and sin3z = 3sinz — 4sin? z to 
show that 


1 
P — Xj Asinwt + 52A — 5X24? cos 2wt + XGA sin 3wt +... (9.14) 


(where we have used the fact that X2, X5,... « X). 

The interesting terms in the expansion are the terms involving 2w and 
3w. These terms represent dipole moments per unit volume induced in the 
medium but oscillating at frequencies two and three times the incident fre- 
quency. These oscillating dipoles in turn drive electric fields at frequencies 
2w and 3w. The effects are known as second-harmonic generation and third- 
harmonic generation. Higher-order harmonics can also be generated. Second- 
harmonic generation is the more important; it is à means whereby infrared 
radiation may be converted to visible and visible to ultraviolet. 

The term 5 X2A? gives rise to a dc field across the medium; this field has 
been observed, but the effect (known as optical rectification) is of compara- 
tively little practical importance. 
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9.3.1 Second-Harmonic Generation 


In most crystalline materials, the nonlinear polarizability X2 depends on 
the direction of propagation, the polarization of the electric field, and the 
orientation of the optic axis of the crystal. In short, X2 is not a constant, but 
a tensor, and the correct expression for the second-harmonic polarization is 


pP) S^ XE Ek, (9.15) 
jk 


where i, j, k represent z,y, or z. For example, if i is the x direction, p? 
has six terms that involve the products E?, E?, E?, E, Ey, E, E,, and E,E,, 
where the electric fields E are the components of the incident electric field 
and have frequency w. As a rule, most of the coefficients X;;, are 0, and 
the incident electric field is plane-polarized, so there will be only one or two 
components to deal with. 

We have introduced the tensor equation for P? to show that only cer- 
tain crystals will exhibit second-harmonic generation. To show this, consider 
a crystal that is isotropic. In that case, X;;, is a constant X, which is inde- 
pendent of direction. We now reverse the directions of the coordinate axes; 
that is, let x become —z, y become — y, and z become —z. If we let the electric 
fields and the dipole moment per unit volume remain unchanged in direction, 
then their signs must change when we reverse the directions of the axes. That 
is, 


-PD = Y XR E) (- Ex) = +P. (9.16) 
jk 

Therefore, p? = 0, and X = 0. Second-harmonic generation cannot take 
place in an isotropic medium. Further, by the same reasoning, it cannot 
take place in a crystal whose structure is symmetrical about a point. In the 
language of solid-state physics, only crystals that lack inversion symmetry 
exhibit second-harmonic generation. Third-harmonic generation, however, is 
possible in crystals that exhibit inversion symmetry. 


9.3.2 Phase Matching 


Figure 9.10 shows a fundamental wave at frequency w driving a second- 
harmonic wave at frequency 2w. The direction of propagation is the z di- 
rection, and the length of the material is |. The second-harmonic intensity 
dE"), produced within a slab with width dz located at z, is 


dE? x P!)(z)dz . (9.17) 


P?) is the second-harmonic dipole moment per unit volume induced at fre- 
quency 2w; it is proportional to the square of the incident electric field E. 
Therefore, 
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Fig. 9.10. Propagation of funda- 
mental and second-harmonic waves 
©, k, in a crystal 
©, kı 
20, k, 
dz 
0 ———————— z ———————— | 


d EO) (7) x e20:2-909; | (9.18) 


that is, the spatial variation of the second-harmonic polarization is charac- 
terized by a wave number 2k, as well as frequency 2w. 

The second-harmonic radiation, on the other hand, propagates with wave 
number k2, where, in general, k2 is not equal to 2k; because of the dispersion 
of the index of refraction. (Recall that k = 2z/A.) Consequently, at the end 
of the crystal, where z = l, the second-harmonic radiation produced by the 
slab located at z is 


d EO) (I) x d EO (z)e*:0-29; , (9.19) 


where (l— z) is the distance from the slab to the end of the crystal. Combining 
the last two equations, we find that 


AE) (1) oc ei ks giat 200g; , (9.20) 


These equations have been derived by assuming that the second-harmonic 
power is small compared to the incident power. In that case, the incident 
power is nearly unchanged as the beam propagates through the crystal. The 
last equation is easily integrated to yield 


sin(2r Anl/A) 
2nAnl/A 


where A is the vacuum wavelength of the incident radiation and An = n —n,;. 
E? (l) is à maximum when the argument of the sine is 7/2, or when 


1=A/4An. (9.22) 


This value of ! is often called the coherence length for second-harmonic gen- 
eration; for ordinary materials it may be no more than a few micrometers. 
oe l beyond the coherence length will not result in any increase of 
E 

In a crystal such as potassium dihydrogen phosphate (KDP), the incident 
wave may be introduced into the crystal as an ordinary ray. The second- 
harmonic wave will be an extraordinary ray. The wave ellipsoid (sphere) for an 
ordinary ray with frequency w crosses the wave ellipsoid for an extraordinary 
ray with frequency 2w, as shown in Fig. 9.11. Therefore, if the incident wave 
is made to propagate through the crystal at precisely the angle Ôm shown 


EO (l) x (9.21) 
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Fig. 9.11. Phase matching in second-harmonic gen- 
eration 


in the figure, An will be very nearly 0. The incident and second-harmonic 
waves are said to be phase-matched; the coherence length for second-harmonic 
generation may be made very long by phase matching. 

The efficiency of conversion to second-harmonic power is proportional to 
incident irradiance, because the second-harmonic polarization is proportional 
to E?. Conversion efficiencies of 15-20% are typical at input irradiances of 
the order of 100 MW-cm ?. 


9.3.3 Optical Mixing 


We return to the equation for the nonlinear polarization P and concentrate 
on the term X2 E?. Until now, we have assumed that the term E? means the 
product of the electric field strength with itself. We may, in addition, consider 
the nonlinear polarization that results from the interaction of two fields with 
different frequencies w; and wo. The term we are interested in is P'?), where 


po = Xo(A, sin wit + A» sin wt)? . (9.23) 


A, and A; are the amplitudes of the two waves. Expansion of the square 
reveals terms with frequencies 2w; and 2w2, as expected, as well as a term 


2A; A5 X5 sinuitsinust . (9.24) 


Using trigonometric identities for the sum and difference between two angles, 
we find that this term may be written as 


A, A2 Xo[cos(u, — wa)t — cos(uwi + wa)t] . (9.25) 


The nonlinear polarization and, therefore, the emitted light contain the sum 
and difference frequencies wj + wz and wj — w2. 

The sum and difference frequencies can be observed experimentally; the 
process is known as parametric amplification. As with second-harmonic gen- 
eration, phase matching is extremely important, although the requirement 
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is more stringent because of the number of frequencies involved. In second- 
harmonic generation, we found that it was necessary to find a direction in 
the crystal such that waves with frequencies w; and wz encountered the same 
index of refraction. In terms of wavenumber k, we had to find a direction 
such that kj was equal to ko. 

In the case of parametric amplification, three waves must be phase- 
matched, rather than two. Therefore, if we want to obtain a frequency us, 
where 


w3 = wi uw, (9.26) 
we must also satisfy the equation 
kı Xt ko = k3 , (9.27) 


where the three waves are assumed to be collinear. 

To obtain high power from a parametric amplifier, it is sometimes placed 
inside an optical resonator. The laser that pumps the parametric amplifier is 
mode-matched to the resonator, the mirrors of which have high reflectances 
for w; and w2, but high transmittance for the laser frequency ws. If the 
pumping by the laser is sufficient, the parametric amplifier in the resonator 
goes into oscillation, much as a laser does, at both frequencies wı and us. 
The process is therefore known as parametric oscillation. 

The parametric oscillator can be tuned either by rotating the crystal so 
that different frequencies are phase-matched or by changing the temperature 
of the crystal so that its properties change slightly. Thus, the parametric 
oscillator provides a tunable source of coherent radiation. 

Parametric amplification can also be used to convert from a low frequency 
to a higher one. In this application, two collinear beams with frequencies w 
and wz are shone on a nonlinear crystal. If the crystal is phase-matched for 
these frequencies and for the sum frequency w3, a third wave whose frequency 
is wg will be generated. The first two waves may be filtered out if necessary. 
This process is known as frequency upconversion. 

One of the main applications of frequency upconversion is to detect radia- 
tion from infrared or far-infrared lasers, at whose frequencies fast or sensitive 
detectors are often not available. The radiation from the laser is converted 
to near-infrared or visible radiation that is easily detected. 


9.4 Electro-optics, Magneto-optics, and Acousto-optics 


9.4.1 Kerr Effect 


When certain liquids and glasses are placed in electric fields, their molecules 
align themselves parallel to the direction of the electric field. The greater the 
field strength, the more complete the alignment of the molecules. Because 
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the molecules are not symmetrical, the alignment causes the liquid to be- 
come anisotropic and birefringent. Such electric-field-induced birefringence 
in isotropic liquids is called the Kerr electro-optic effect or Kerr effect. The 
optic axis induced by the field is parallel to the direction of the field; for 
constant electric-field strength, the liquid behaves exactly as a birefringent 
crystal with indexes of refraction n, (the index of the material in the absence 
of the field) and ne. 

The field-induced birefringence An = n, — n, is proportional to the square 
of the electric-field strength and to the wavelength. Therefore, the index 
difference between the ordinary and extraordinary rays is 


An = KAE? , (9.28) 


where K is the Kerr constant and E is the applied electric field. Nitrobenzene 
has an unusually large Kerr constant, 2.4 x 107!? cm-V~?. Glasses have Kerr 
constants between about 3 x 107!^ and 2 x 10723, The Kerr constant of water 
is 4.4 x i 

A Kerr cell is a cell containing nitrobenzene or other liquid between two 
flat, parallel plates spaced by several millimeters or more. The potential dif- 
ference between the plates is typically 10 or 20 kV. If the cell is located 
between crossed polarizers, it may be used as a fast shutter known as an 
electro-optic shutter. 

In an electro-optic shutter, the direction of the electric field is 45? to 
the directions of the polarizer axes. When the electric-field strength is 0, the 
polarizers transmit no light. Ideally, when the electric field is applied to the 
cell, its magnitude is such that (ny — ne)d = A/2. In this case, the Kerr cell 
acts as a half-wave plate and rotates the plane of polarization by 90°. The 
voltage necessary to make the cell a half-wave plate is known as the Aalf-wave 
voltage of the cell. 

If the half-wave voltage is applied to the cell as a fast pulse, the cell acts 
as a fast shutter; shutter speeds in the 10-ns range can be obtained routinely 
in this fashion. The Kerr effect itself is extremely fast; shutter speeds are 
limited by the difficulty of generating fast electronic pulses in the kilovolt 
range. 


9.4.2 Pockels Effect 


This is an electro-optic effect that is observed in certain crystals such as 
potassium dihydrogen phosphate (KDP). It differs from the Kerr effect in 
that the Pockels effect is linear in applied electric field, whereas the Kerr 
effect, as we have seen, is quadratic in applied electric field. More important, 
the half-wave voltage of typical Pockels cells is at least an order of magnitude 
less than that of Kerr cells. 

Suppose that a Pockels cell is made by applying to a crystal such as 
KDP an electric field parallel to the crystal's optic axis. The direction of 
propagation of the light beam is also parallel to the optic axis. (This may be 
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accomplished either by using partially transparent electrodes on the faces of 
the crystal or by fixing electrodes with holes in their centers to the faces of the 
crysta].) When the electric field is absent, any ray that propagates parallel 
to the optic axis is an ordinary ray; the index of refraction is independent of 
the direction of polarization. 

The electric field deforms the crystal and induces a second optic axis OA’ 
in the plane perpendicular to the field. The direction of OA’ depends on the 
structure of the crystal and need not concern us. Because of this additional 
anisotropy induced by the electric field, rays polarized with their electric- 
field vectors parallel to OA’ experience an index of refraction that differs 
from that of rays polarized perpendicular to OA’. That is, when the electric 
field is applied, the crystal acts on the light ray as a birefringent crystal whose 
optic axis lies in the plane perpendicular to the direction of propagation. 

The difference between the indexes of refraction for rays polarized per- 
pendicular and parallel to OA’ is 


(ny — ne)’ = pE , (9.29) 


where E is the applied field and p is a proportionality constant. p is approx- 
imately 3.6 x 10^! m- V^! for KDP, 8 x 10^! for deuterated KDP (KD*P), 
and 3.7 x 107? for lithium niobate. 

Because the electric field is applied parallel to the optic axis, the preceding 
case is known as the longitudinal Pockels effect. 'The Pockels effect can also be 
observed when the electric field is applied perpendicular to the optic axis; this 
case is called the transverse Pockels effect. Commercially available Pockels 
cells may be either longitudinal or transverse cells. 

The transverse Pockels effect has certain advantages over the longitudi- 
nal effect. First, the electrodes lie parallel to the beam and do not obscure 
or vignette it. Second, the index difference (n, — ne)’ depends on electric- 
field strength in the crystal, not on the voltage between the electrodes. If 
the length of the crystal in a longitudinal Pockels cell is increased and the 
voltage maintained constant, the electric field in the crystal will decrease 
proportionately. (n; — ne)’ will therefore decrease, and the phase difference 
or retardation between the two polarizations will remain independent of the 
length of the crystal. 

On the other hand, in a transverse Pockels cell, the electrodes need be sep- 
arated by the diameter of the beam and no more. The electric-field strength in 
the crystal depends on the separation between the electrodes and not on the 
length of the crystal. Consequently, lengthening the crystal and maintaining 
the spacing between the electrodes will result in increased retardation. 

Low-voltage Pockels cells will always be the transverse-field type. High- 
speed Pockels cells, which require low capacitance and therefore small elec- 
trodes, will often be the longitudinal-field type. 

Pockels cells, like Kerr cells, may be used as high-speed electro-optic shut- 
ters; because of their lower voltage requirements, they have nearly replaced 
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Kerr cells for this application. A Pockels cell is usually the active element in 
an electro-optically Q-switched laser. 


9.4.3 Electro-optic Light Modulation 


A Pockels cell may be used to modulate a beam of light. For amplitude 
modulation, the apparatus is similar to that of an electro-optic shutter: The 
Pockels cell is placed between crossed polarizers, and a time-varying voltage 
is applied to the electrodes. The optic axis OA’ is oriented at 45° to the axis 
of the polarizers. 

The retardation induced by the electric field is proportional to the volt- 
age between the electrodes. If we call the half-wave voltage V,, then the 
retardation is V/V,. From our study of wave plates, we conclude that the 
transmittance of the modulator as a function of voltage is 

9a V 

sin” 5 V (9.30) 
The sin? is not a linear function in the neighborhood of 0; hence the output 
of an electro-optic modulator will not in general be a linear function of the 
modulating voltage, except for small voltages. Fortunately, the sine is a nearly 
linear function in the neighborhood of 45°. If the retardation is approximately 
90°, the modulator will be a linear device. That is, the Pockels cell is not 
modulated about an average value of 0 V, but about an average dc bias of 
(1/2)V,. The peak-to-peak modulating voltage is substantially less than V,. 

Biasing the Pockels cell at its quarter-wave voltage of (1/2)V, causes it to 
behave as a quarter-wave plate. Including a quarter-wave plate in the electro- 
optic modulator will therefore have the same effect as biasing the modulator. 
Consequently, the electro-optic modulator may be operated about 0 V and 
will yield a linear output, provided that a quarter-wave plate is incorporated 
into the device. 

Light may also be phase-modulated with a Pockels cell. In this application, 
which is equivalent to frequency modulation, the plane of polarization of the 
incident light is either parallel or perpendicular to the second optic axis OA’. 
In this case, the light remains linearly polarized, but its phase changes with 
electric field by an amount 


$ = (2n /A)pEt , (9.31) 
where t is the thickness of the crystal. 
The electro-optic phase modulator has value in optical communications. 


It may also be used in a mode-locked laser cavity, where the index modulation 
that takes place is equivalent to vibrating one of the mirrors (see Chap. 8). 


9.4.4 Acousto-optic Beam Deflection 


An acousto-optic beam deflector consists of a block of silica or other mate- 
rial through which an ultrasonic wave propagates. The wave has wavelength 
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Fig. 9.12. Bragg reflection in an acousto-optic light 
modulator 


às. Because it is a longitudinal or compression wave, it causes the index of 
refraction of the material to vary sinusoidally with wavelength Ag. 

To analyze the interaction of light with sound, we regard the sound wave 
in the medium as a series of planes from which the incident light beam is re- 
flected. The treatment is identical with that of Bragg diffraction from crystal 
planes. The incident light beam strikes the planes at angle @, and a fraction 
of the beam is reflected because of the spatially varying index of refraction. 
For a certain angle @ only, the beams reflected from adjacent planes interfere 
constructively. From Fig.9.12, we see that constructive interference occurs 
when the optical-path difference between the two waves is equal to one opti- 
cal wavelength A. Therefore, 


sin 0 = A/2A, . (9.32) 


For typical sound frequencies, 0 may be a few degrees. Under proper con- 
ditions, nearly all of the incident light may be diffracted, or deflected, into 
angle 0. Equation (9.32) is called the Bragg condition. 

The deflected light is shifted slightly in frequency from the incident light. 
This is a result of the propagation of the sound wave either toward or away 
from the source with a velocity component equal to v, sin, where v, is the 
velocity of sound in the medium. 

When a source is viewed by reflection from a moving mirror, the source 
appears to have a velocity twice that of the mirror. Consequently, the Doppler 
shift observed corresponds to a velocity twice that of the mirror. (The Doppler 
shift Av is given by Av/v — v/c, where v is the component of velocity parallel 
to the line between source and observer.) The Doppler shift of the deflected 
beam is therefore 


Av/v = (2u,/c) sin®@ . (9.33) 
Using the relationship between 0 and A,, we find that 
Av = i}. (9.34) 


The light is Doppler-shifted by a frequency equal to the sound frequency. 
Acousto-optic deflectors are used for light modulation as well as beam de- 
flection. An acousto-optic light modulator is an acousto-optic beam deflector 
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followed by a spatial filter that consists of a lens and pinhole. The spatial fil- 
ter rejects the deflected beam and passes the undeflected beam. To modulate 
the beam, we propagate the sound wave across the crystal, thereby remov- 
ing power from the undeflected beam. Because of the presence of the spatial 
filter, this is equivalent to modulating the incident beam. 

Like the electro-optic light modulator, the acousto-optic modulator is not 
linear; rather, the deflected power is proportional to the square of the sine 
of the acoustic amplitude. For linearity, the device wouid have to be used in 
the neighborhood an transmittance of 1/2. 

Acousto-optic deflectors are useful in data processing and in computers. 
In particular, they may be made to scan a plane in a computer memory by 
varying the sound frequency. 


9.4.5 Faraday Effect 


When lead glass and other glasses are placed in strong magnetic fields, they 
become optically active. The rotation induced by the magnetic field is equal 
to 


VBI, (9.35) 


where B is the magnetic field strength, / is the length of the specimen, and 
V is a constant known as the Verdet constant. If | is measured in millimeters 
and B in teslas, then V is equal to 0.004 for silica, 0.11 for dense flint glass, 
and 0.0087 for benzene. 

A Faraday rotator in combination with a polarizer may be used as an 
optical isolator, a device that permits light to pass in one direction, but 
blocks it in the other direction (see Problem 9.4). 


Problems 


9.1 Use conservation of energy to prove that (intensity) transmittance and 
reflectance at an interface are related by 


R + nT(cosi')/(cosi) = 1, 


not R+T = 1. (Examine the transmission of a beam with a finite width 
through an interface.) 


9.2 Late-afternoon sunlight is reflected from a nearly horizontal surface such 
as the rear window of an automobile. How will polarizing sunglasses help 
to reduce glare more than simply attenuating sunglasses? Which plane of 
polarization should be transmitted by the polarizing lenses? 


9.3 A right isosceles prism is made from a birefringent material. The optic 
axis of the prism lies in a plane parallel to one of the two equal faces of the 
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prism. Light strikes the other face at normal incidence (that is, parallel to the 
optic axis). Describe the propagation of each polarization after it is reflected 
from the hypotenuse (cf. Glan- Thompson prism). What if the prism is not 
isosceles and the rays do not hit the hypotenuse at 45?? 


9.4 Optical Isolator. Show that, when plane-polarized light is transmitted 
through a quarter-wave plate and is reflected back through the quarter-wave 
plate, the result is plane-polarized light, polarized at right angles to the inci- 
dent light. This is the principle of an optical isolator, which is a device that 
consists of a polarizer, a quarter-wave plate and a plane mirror, and may be 
used to prevent unwanted reflections from propagating back into an optical 
system. 


9.5 (a) Show how the electric-field vector of a plane-polarized beam can be 
rotated with relatively little loss by several polarizers in sequence. Deter- 
mine a configuration that will rotate the electric-field vector through 45°, 
while transmitting at least 90% of the light. (It will be convenient to use 
approximations when solving the problem; eight-place calculations are not 
necessary.) 

(b) Show that a pile of polarizers with infinitesimal angle between them 
can rotate a beam through a finite angle with a transmittance of 1. 


9.6 A wave plate is sandwiched between crossed polarizers. The optic axis of 
the wave plate is inclined at 45? to the axes of the polarizers. The wave plate 
causes a phase shift of ¢ between the components parallel and perpendicular 
to its own axis. Show that the transmittance of the system is cos*(¢/2) when 
thc incident beam is polarized parallel to the first polarizer. What is the 
transmittance when the axes of the polarizers are parallel? 


9.7 (a) A Kerr cell is filled with nitrobenzene. The electrodes are spaced 5 mm 
apart, and their length is 2cm. A potential difference of 10 kV is applied to 
the electrodes. If the cell is used as an electro-optic shutter, what is the 
transmittance of the shutter when it is closed? 

(b) What voltage is required to achieve the same transmittance with a 
l-cm Pockels cell that uses the longitudinal Pockels effect in deuterated 
KDP? 


10. Fibers and Optical Waveguides 


Optical fibers have long been used to carry beams over short, flexible paths, 
as from a screen to a detector. If the fibers in a bundle are oriented carefully 
with respect to one another, the bundle may be used to transmit an image. 
For example, a short fiber-optic face plate may be used in place of a lens to 
carry an image a very short distance. The spacing between the individual 
fibers determines the resolution limit of such an imaging device. 

More important low-loss optical waveguides are valuable in optical com- 
munications and other closely related fields. Optical waveguides are compact, 
flexible, relatively lossless, and insensitive to electromagnetic interference. 


10.1 Rays in Optical Fibers 


An optical-fiber waveguide is made of a glass core surrounded by a lower- 
index cladding. The core of the fiber shown in Fig. 10.1 has uniform index 
of refraction nı. The index of refraction changes abruptly to n2 at the core- 
cladding boundary. If nz < nı, the fiber is able to trap a light beam in the 
core by total internal reflection (Sect. 9.1.5). A ray will be guided only if angle 
i exceeds the critical angle i.. If 0 is the greatest angle of incidence for which 
a ray will be totally internally reflected, we see from the figure that 


no SinÓ = n; sinÓ' = n; cos ic, (10.1) 


Fig. 10.1. Optical waveguide 


266 10. Fibers and Optical Waveguides 


where no is the index of refraction of the medium in which the ray originates, 
and n; is the index of the core. 
The critical angle is given by 


sini, = N/N, (10.2) 


where ng is the index of refraction of the cladding. Using the last two equa- 
tions, along with the identity cos? i, = 1 — sin? i,, we find that 


no Sin Ôm = (n? — n2)? ~ [2n1(n1 — n3)? . (10.3) 


no sin rn is known as the numerical aperture (NA) of the waveguide and is 
defined in precisely the same way as the numerical aperture of a microscope 
objective. For good collection efficiency, the waveguide should be illuminated 
by a source whose numerical aperture does not exceed that of the waveguide. 
The value of ng may be 1, but possibly the waveguide will be cemented to a 
light-emitting diode or other component with a cement whose index is close 
to that of the core. As an example, an optical waveguide for which n; = 1.5 
and n; — n2 = 0.01 has a numerical aperture of about 0.17. When no = 1, 
this corresponds to an acceptance cone with a 10? half-angle. 

Because of the limited range of angles that will propagate along the fiber, 
coupling a source into a waveguide is a problem. For example, in optical com- 
munications, light-emitting diodes are among the most useful sources. These 
sources radiate into a full hemisphere, so the waveguide can accept only a 
small fraction of the power radiated by the diode. If we assume that the diode 
is a Lambertian source (see Chap. 4), we may show that the power radiated 
into a cone whose half angle is Êm is proportional to sin? 8m. Therefore, if 
the core is at least as large as the diode, the coupling efficiency between 
the waveguide and the diode is equal to sin? ĝm. (It is less if the diode is 
larger than the core.) For the waveguide in the example above, the coupling 
efficiency is about 3%. 

For optical communications, the electrical frequency response of the 
waveguide is important. Inspection of Fig. 10.1 will show that rays inclined at 
the critical angle i, travel a factor of 1/ sini, further than axial rays. Because 
of the extra path length that these rays travel, they are delayed relative to 
the axial rays by an interval A7 given by the relation 


AT d 
T sin te 


-1, (10.4) 


where 7 is the time for a short pulse to propagate down the waveguide. 
Ar is the increment by which the pulse is broadened by propagating down 
the waveguide. The reciprocal of Ar is the greatest modulation frequency 
that can be transmitted along the waveguide and therefore defines the 
widest electrical bandwidth that can be employed. In our example, this is 
~ 30 MHz for a 1-km waveguide, enough for a few video channels. This 
bandwidth decreases as the length of the waveguide is increased. 
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In an actual waveguide, more power is transmitted by rays near the axis 
than by rays inclined at nearly the critical angle because the latter suf- 
fer greater loss. In addition, there is significant scattering in a very long 
waveguide; as a result, power is interchanged from oblique rays to axial rays 
and vice versa. Both these factors reduce the variation in transit time and 
make the bandwidth somewhat larger than our prediction; in many older 
waveguides, after a few hundred meters of propagation, Ar becomes propor- 
tional to the square root of length, rather than length. 

In practice, optical waveguides differ substantially from older optical 
fibers. Because of cracks and scattering losses, the transmittance of the very 
best glass optical fibers would have been of the order of 1074 (—40dB) for 
a fiber 1 km long. Optical waveguides made of high-purity silica glass may 
exhibit transmittances much higher than 50% (—3dB) for a 1-km section. 
In addition, optical waveguides have very thick cladding layers, in part to 
reduce interference, or *crosstalk" between neighboring waveguides. 

Graded-indez waveguides display relatively little transit-time variation; 
these waveguides are made with an index of refraction that decreases grad- 
ually with distance away from the axis of the fiber. Because of this index 
variation, rays that are inclined at an angle to the axis travel, on the aver- 
age, through a medium that has a lower index of refraction than the index 
along the axis. If the index profile of the waveguide is controlled properly, 
the waveguide will have minimal transit-time variation and will be able to 
transmit very large electrical bandwidths. 

When the diameter of the core of a waveguide is less than 10 or 20 um, 
ray optics is not sufficiently accurate to describe the propagation in the 
waveguide, and wave optics must be employed. In particular, waveguides with 
cores only a few micrometers in diameter, called single-mode waveguides, can 
transmit only a very simple beam known as a single radiation mode. Single- 
mode waveguides are immune to the transit-time variations described above 
and can in principle transmit electrical bandwidths as great as 109 MHz over 
a l-km path. Such a bandwidth corresponds to a very large information- 
carrying capacity. Unfortunately, single-mode waveguides are so small that 
it is difficult to transmit much power or to couple power efficiently into the 
waveguide. Nevertheless, room-temperature semiconductor lasers and effi- 
cient coupling techniques have made single-mode waveguides attractive for 
long-distance or undersea applications, and the great majority of the optical 
waveguides sold today are single-mode waveguides. 


10.2 Modes in Optical Waveguides 


A plane wave may be described as a family of rays perpendicular to the 
wavefront. Any such family of rays may be directed into the end face of an 
optical waveguide. If the angle of incidence on the entrance face is less than 
the acceptance angle of the fiber, the family of rays (or, what is equivalent, 
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Fig. 10.2. Rays in an optical 
waveguide 
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the plane wave) wil] be bound and will propagate down the waveguide. The 
rays will zigzag as in Figs. 10.1 or 10.2, reflecting alternately from each surface 
of the waveguide. In general, there will be no fixed phase relationship among 
reflected rays. At some locations along the axis, there might be constructive 
interference; at others, destructive. Thus, the intensity will generally vary 
with position along the axis. 

Certain of the families of rays, however, propagate in a very special way: 
rays interfere constructively with their parallel neighbors, and the intensity 
within the waveguide does not vary with position. 

We may see the significance of these special families by referring to 
Fig. 10.2. The figure is an axial section of a planar waveguide that has infinite 
extent in the direction perpendicular to the page. The two rays shown strike 
the interface between the two media at angle i. The dashed lines AA' and BB' 
perpendicular to the rays represent wavefronts. The optical-path difference 
between the two rays is 


OPD = 2nidcosi ; (10.5) 


not coincidentally, the result has the same form as the expression we derived 
earlier for the Fabry-Perot interferometer. 

A phase difference ¢ results from this difference of optical path; it is equal 
to 2ni kd cosi, where k is the vacuum wavenumber. In addition, electromag- 
netic theory shows that there is a phase shift ® on reflection (Sect. 9.1). We 
may position the reference wavefronts so that one of the rays undergoes no 
reflections between the wavefronts, while the other ray is reflected twice. The 
total phase difference $, between the two rays is the sum of those due to path 
difference and to reflection; that is, 


à, = 2njkd cosi — 26 . (10.6) 


According to Fig.9.5, $ = 0 when i is near the critical angle, and 9 = 
90° at glancing incidence. When i is less than the critical angle, the ray is 
refracted, and the mode is not guided. When ¢ = 2m7, the rays interfere 
constructively; this happens only for certain angles of incidence. 

Pairs of rays inclined equally to the axis like those shown in Fig. 10.2 
correspond to waveguide modes if the condition for constructive interference 
is satisfied. If only one mode is excited by proper choice of angle of incidence, 
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Fig. 10.3. Modes in a slab waveguide 


the electric-field distribution inside the waveguide remains undistorted as the 
radiation propagates down the waveguide. 

In terms of wave optics, each waveguide mode corresponds to construc- 
tive interference perpendicular to the waveguide axis. That is, the compo- 
nent nik cosi perpendicular to the waveguide axis exhibits constructive in- 
terference between the two interfaces. The waveguide mode is equivalent to a 
standing wave perpendicular to the axis and a traveling wave along the axis. 
Thus, the electric field distribution perpendicular to the axis is the result of 
interference between two plane waves; we therefore expect a cosine-squared 
function for the intensity, and this is indeed the case. 

Figure 10.3 sketches the electric-field distribution inside the waveguide 
for severa] values of m. The electric field does not fall precisely to 0 at the 
interfaces; this is related to the phase change on reflection and shows that 
power propagates in the cladding as well as in the core. 

The lower-order modes, those that have small values of m, have large 
angles of incidence, according to (10.5). That is, they correspond to rays 
that travel along the waveguide at nearly grazing incidence. The lowest-order 
mode, m = 0, has an amplitude distribution that is a single cycle of a cosine, 
as sketched in Fig. 10.3. Higher-order modes are characterized by oscillating 
field distributions. The highest-order bound mode is the one that strikes 
the interface just beyond the critical angle. Rays that are refracted at the 
interface correspond to unbound modes. Reflection at the boundary is not 
especially important, and there is a continuum of such modes, rather than 
the discrete set that characterizes the bound modes. 

A ray may enter a waveguide at an angle that does not satisfy the relation 
Q = 2mm. In such cases we cannot describe the electric field distribution 
as one waveguide mode; rather, it will be a complicated superposition of 
many modes. In mathematical terms, the modes form part of a complete 
set, that is, a set of elementary functions that may be used to describe an 
arbitrary function. Any field distribution that is bound to the waveguide 
can be described by any complete set. However, the waveguide modes are a 
convenient set to use because they correspond to a simple, physical model. 
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In a planar waveguide, the bound modes correspond to pairs of rays that 
have the same inclination to the axis; in a circular waveguide, these pairs 
of rays must be replaced by complicated cones of rays. The physical inter- 
pretation of the modes as standing waves is similar but more difficult to 
visualize with circular symmetry. In addition, there are standing waves in 
the azimuthal direction; consequently, two numbers are needed to describe a 
mode in a circular waveguide, just as two numbers are needed in the planar 
guide in which both transverse dimensions are finite. 


10.2.1 Propagation Constant and Phase Velocity 


The wavenumber k may be regarded as a vector whose direction is the direc- 
tion of propagation. This vector is called the wavevector. In a medium with 
index nı, the magnitude of the wavevector is kn. For propagation inside a 
waveguide, we are interested in the component 5 parallel to the axis of the 
waveguide, 


B - niksin i = njkcosÓ , (10.7) 


where 0 is the complement of i (or the angle between the ray and the 
waveguide axis, as shown in Fig. 10.4). 8 is known as the propagation constant 
and plays the same role inside the waveguide that the wavenumber k plays in 
free space. According to (10.6) and (10.7), 0 and i will vary with wavelength. 

The angle of incidence i varies between i, and 7/2. When i = ie, 8 = 
nyksini,, or kno. When i = 7/2, B = kn;. Therefore, 


kna < B < kni. (10.8) 


That is, the value of the propagation constant inside the waveguide always 
lies between the values of the wavenumbers in the two bulk materials. If we 
use the relationship that c = w/k (where c and k are the values in vacuum), 
we may rewrite this relationship in terms of phase velocities, 


c/ny < v < c/n. (10.9) 


The phase velocity of bound modes lies between the phase velocities of waves 
in the two bulk materials. This leads directly to the earlier result (10.4). 

Finally, the analysis of Sect. 5.2 shows that the phase velocity in the di- 
rection parallel to the axis of the waveguide is c/n; cos@. This suggests that 
we define an effective index of refraction 


Fig. 10.4. Wavevector and propagation constant 
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Ne = n; cosh . (10.10) 


Because Ó is a function of mode number m, n, is also a function of m. Con- 
sistently with (10.9), the value of ne for bound modes is always between n? 
and nı. When ne is less than n2, the beam is not trapped by the waveguide. 


10.2.2 Prism Coupler 


Planar waveguides or waveguides with rectangular cross sections may be de- 
posited on a dielectric substrate such as glass, semiconductor, or electro- 
optic crystal. The high-index waveguide is located between the substrate 
and the air. Many times, we may want to introduce the light into the wave- 
guide through the interface with the air, rather than through the edge of the 
waveguide; this approach presents fewer alignment difficulties and does not 
require special preparation of the edge of the guide. 

One way of coupling the light into the guide through the top is the prism 
coupler shown in Fig. 10.5. The prism has a higher index of refraction than 
the waveguide and is not quite in contact with the surface of the guide. If it 
were in contact, the light would simply refract into the waveguide and reflect 
back out after a single reflection from the lower interface. By weakly coupling 
the prism to the waveguide, however, we can divert a significant fraction of 
the incident beam into the waveguide. Weak coupling is effected by keeping 
a space of a wavelength or so between the prism and the waveguide; power is 
transmitted into the waveguide as a result of the penetration of the evanescent 
wave into the second medium. 

The beam in the prism must have finite width. Power will be coupled 
efficiently into the waveguide only if the direction of the ray that is refracted 
into the waveguide corresponds to a mode of the waveguide. According to 
Snell’s law, n3sin?3 = n;sinz;; multiplying both sides of this equation by 
the vacuum wavenumber k, we find that the horizontal components of the 
wavevectors in the two media (1 and 3) must be equal. The horizontal com- 


Fig. 10.5. Prism coupler 
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ponent of the wavevector inside the waveguide is the propagation constant 
B; therefore, 


B = kana sin ig . (10.11) 


If i3 is adjusted so that the value of 3 is that of a waveguide mode, light 
coupled into the waveguide at the left side of the figure will propagate down 
the waveguide and be precisely in phase with light coupled into the prism 
farther along. In other words, there will be constructive interference. The 
power inside the waveguide can therefore be made to increase with coupling 
length. If the condition on i3 is not satisfied, there will be no such constructive 
interference, and the light will be coupled back and forth between the prism 
and the waveguide, with comparatively little power ultimately ending up 
inside the waveguide. In short, the wave will be largely reflected out of the 
waveguide, precisely as the transmittance of a Fabry-Perot interferometer is 
nearly 0 when the condition, mA = 2d, is not satisfied. 

When the electric-field strength inside the waveguide becomes sufficiently 
large, light will pass from the waveguide back into the prism. To prevent this 
from happening and to ensure optimum coupling, the beam in the prism is 
cut off sharply at the edge of the prism. The actual coupling coefficient is 
adjusted experimentally by adjusting the pressure between the prism and the 
waveguide until the maximum coupling has been achieved. 

This discussion may appear to suggest that the coupling efficiency can 
never exceed 5096. In fact, it may reach 8096 or so. This is so because the 
electric field inside the waveguide is not constant but is less at the surface 
of the guide than at the center. Coupling from the prism to the waveguide 
can continue until the evanescent wave associated with the wave in the guide 
becomes large. This will happen only after a sizeable fraction of the incident 
power has been trapped inside the waveguide. 


10.2.3 Grating Coupler 


Light may also be coupled into a planar waveguide with a grating coupler. 
Such a device is shown in Fig. 10.6; it functions similarly to the prism coupler. 

A grating, usually a phase grating, is etched onto the surface of the wave- 
guide. The index of refraction of the waveguide is n;; the material above the 


Fig. 10.6. Grating coupler 
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waveguide is usually air. (The index of refraction n2 of the medium below 
the grating is irrelevant here, except that nz must be less than n; for bound 
modes to exist.) The grating equation (6.2) becomes for this case 


md = d' sinis — nyd’ sini, , (10.12) 


where d' is the groove spacing and the angles are positive as shown. Here m 
is the order of interference, and we take it to be 1. The factor n; appears 
on the right side of the equation because the wavelength inside the medium 
is A/n; or, what is equivalent, because the optical-path length inside the 
medium is n; times the geometrical-path length. If we multiply both sides of 
this equation by 27/X and rearrange slightly, we find that 


ka sin?3 = k,n, sin?4 + Qn /d' : (10.13) 


To this point, 2; is arbitrary. If we want to excite a mode of the waveguide, 
then kin; sin i; must be equal to the wavenumber 8 of an allowed mode. That 
is, we may excite a mode provided that we choose 7;, i3, and d' so that 


kasinia = B + 27/d' , (10.14) 


where 5 is the propagation constant of a mode of the waveguide. Only when 
this equation is satisfied will the dashed ray in Fig. 10.6 enter the waveguide 
precisely in phase with the solid ray. As with the prism coupler, light can also 
be coupled out of the waveguide, so the length of the grating must be chosen 
carefully; coupling efficiency is not as easily adjusted as with prism couplers. 

The grating may also be an ultrasonic wave excited on the surface of the 
substrate. [t may be used for coupling light out of the waveguide as well as 
into it. It may additionally be used for modulation of the light that remains 
inside the waveguide. For example, the power of the ultrasonic wave may be 
amplitude modulated or pulsed. Whenever a pulse is applied to the ultrasonic 
wave, the power of the light inside the waveguide decreases accordingly. In 
this way, as we shall see, a planar waveguide may be used to modulate a 
beam for communication or other purposes. 

In general, a grating or prism coupler may be used to excite only one 
mode of the waveguide at a time. If the alignment is not nearly perfect, 
constructive interference will not take place, and power will be coupled only 
very inefficiently into the waveguide. Still, we should not conclude that a 
waveguide will propagate light only if the light excites one mode, nor that 
light entering the end of a waveguide at the wrong angle will be rejected by 
the waveguide. In general, this is not so but is the result of using grating 
or prism couplers. In fact, if a beam is shone into the end of a multimode 
waveguide at an arbitrary angle less than the acceptance angle, the light will 
not be rejected by the waveguide but will propagate as a superposition of 
several modes. This is so because diffraction by the edges of the waveguide 
will spread an incident planc wave into a range of angles and allow excitation 
of more than one mode. 


274 10. Fibers and Optical Waveguides 


10.2.4 Modes in Circular Waveguides 


A mode in a slab waveguide corresponds to a pair of rays zigzagging in concert 
down the guide at an angle that satisfies (10.6) with ¢ = 2mz. The modes of 
a rectangular waveguide are very similar to slab-waveguide modes. We simply 
think of components of the propagation constant, one in the plane parallel 
to the horizontal faces of the waveguide and one in the plane parallel to the 
vertical faces. Each component must satisfy, separately, an equation exactly 
similar to (10.6). Therefore, the modes of a rectangular waveguide are very 
nearly products of slab-waveguide modes that correspond to the height and 
width of the rectangular waveguide. Each mode must be specified by two 
numbers, m and m/, instead of just m. 

The modes of a circular waveguide or fiber are substantially more compli- 
cated. Each mode corresponds to a complicated cone of rays. When the cone 
is coaxial with the waveguide, the modes correspond closely to the modes of 
a slab waveguide; an equation like (10.6) pertains, with d replaced by the 
diameter of the waveguide. 

Unfortunately, most of the cones are not coaxial with the waveguide. 
Similarly, most of the rays never pass through the axis of the waveguide. 
Such rays are known as skew rays, to distinguish them from the meridional 
rays, those rays that do pass through the fiber axis. Skew rays spiral around 
the axis of the waveguide, never intersecting it. Skew rays may be bound to 
the fiber, but some skew rays are loosely bound or leaky rays. Leaky rays 
turn out to be very important for certain measurements, and we deal with 
them in more detail in Sect. 10.3.4. 


10.2.5 Number of Modes in a Waveguide 


The mode number m of a particular mode in a slab waveguide may be found 
from (10.6), with à, = 2mz. The phase shift on reflection 9 is always less 
than m and may be ignored for large values of m. Mode number increases 
from 0, when the wave vector is nearly parallel to the axis, to a maximum 
value M when i is nearly equal to the critical angle. Because every mode 
corresponds to a positive integer or 0, M -- 1 is the number of modes allowed 
in the slab (not including a factor of 2 for polarization). 

When m = M, i is very nearly equal to i<; therefore, 6 = 0 and (10.6) 
becomes 


2n,kidcosi, = 2n M . (10.15) 
If we use the fact that sini, = n2/n,, we may rewrite this equation as 

M & (2d/X)\/n? — n2, (10.16) 
or, from (10.2) for numerical aperture N A, 

M = (2d/A)NA. (10.17) 
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We require two sets of mode numbers m; and mz to count the modes in a 
waveguide with a square cross section. For each value of m, there are M + 1 
values of mz. Therefore, the total number of modes in such a waveguide is 
approximately M?, when M > 1. 

For circular waveguides, we define a parameter, 


V = (2ra/A)4f/ n? — n2 = (2ra/A)NA , (10.18) 


known as normalized frequency or just V number. a is the radius of the 
waveguide. When V is large, the total number of modes in a circular wave- 
guide is of the order of V?. For example, the number of modes in a fiber that 
has a uniform core is about V?/2. 


10.2.6 Single-Mode Waveguide 


If M is 0, then only the lowest-order mode can propagate down a slab 
waveguide or one that has a square cross section. The higher-order modes 
are said to be cut off. When the mode for which m = 2 is precisely at cutoff, 
M = 1, and we find from (10.17) that the condition 


(2d/\)NA € 1 (10.19) 


guarantees single-mode operation. A fiber or waveguide that can operate only 
in the lowest-order mode is known as a single-mode waveguide or a monomode 
waveguide or fiber. A single-mode waveguide can be constructed by making 
either d or N A sufficiently small. 

A circular waveguide may likewise be forced to operate in the lowest-order 
mode by adjusting the core radius a or the numerical aperture; the analogous 
relationship is 


(21a/A)NA S 2.4, (10.20) 


where 2.4 is the first zero of the Bessel function that describes the second- 
lowest-order mode of a circular waveguide. Here also the equation is only 
approximate because the phase shift on reflection has been ignored. 

If we use the preceding equation to solve for the fiber radius a, we find 
that 


a € 12A/2NA. (10.21) 


Equation (8.46) gives the divergence of a Gaussian beam whose beam 
radius is wo. In the paraxial approximation, the divergence 0 is equal to the 
numerical aperture, so the beam radius of a Gaussian beam, written in terms 
of the numerical aperture, is A/z NA. Thus, we find that a fiber will be a 
single-mode fiber when its radius is about the same as the beam radius of 
the Gaussian beam that has the same numerical aperture as the fiber. In 
fact, the beam that emerges from the end of many single-mode fibers has a 
very nearly Gaussian profile, and its beam divergence is approximately that 
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of a Gaussian beam with the same beam radius. We will find these facts 
important when we discuss certain measurements and connector problems. 

A single-mode fiber propagates what amounts to a single cone of merid- 
ional rays that all have the same inclination to the fiber axis. All the rays 
travel the same distance. Therefore, there is no intermodal distortion such 
as we encountered in connection with (10.4). Single-mode fibers can trans- 
mit very high electrical bandwidths that are in principle limited only by the 
dispersion of the silica from which they are made. 


10.3 Graded-Index Fibers 


A graded-indez fiber is an optical waveguide whose index of refraction de- 
creases with distance from the fiber axis. The rays in such a fiber travel in 
curved paths, as shown in Fig. 10.7. A ray that intersects the axis with a 
relatively large slope travels a greater distance than the axial ray. However, 
it experiences a lower index of refraction and hence a higher velocity over a 
part of its path. Thus, the two rays may spend approximately the same time 
traversing the fiber. Fibers are manufactured in this way to compensate for 
multimode distortion. To distinguish between graded-index fibers and those 
that have a uniform core, we call the latter step-indez fibers 


10.3.1 Parabolic Profile 


Let us derive an expression for the inder profile of a graded-index fiber in 
the paraxial approximation. We begin with a meridional ray that crosses the 
axis of the fiber with angle of incidence i. Because the index of refraction of 
the fiber decreases monotonically with distance from the axis, the ray will 
follow the curved path shown in Fig. 10.7. At the turning point, the slope 
of the ray path changes sign, and the ray bends toward the axis as a result 
of total internal reflection. At a distance L from the starting point, the ray 
again crosses the axis. 

To trace the ray, we imagine that the fiber is made up of layers, like the 
proverbial onion. The index of refraction of each successive layer is less than 
that of the last. If we trace the ray through several layers, as in Fig. 10.8, we 
find that 


Fig. 10.7. Ray path in graded-index 
fiber 
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Fig. 10.8. Ray path in layered material 


n; Sind, = nz Sin iz = na sin iz, etc., (10.22) 
or 
nsini = constant , (10.23) 


where i is the angle of incidence (measured with respect to the normals to 
the layers). This is a generalization of Snell’s law. It applies whether or not 
the medium is layered or has continuous index of refraction, as we see by 
letting the thickness of the layers approach 0. 

We return to Fig. 10.7 and apply the generalized Snell's law to the ray 
that intersects the axis with angle of incidence i. The ray follows a path that 
we describe with a function r(z), where z is the distance along the fiber and 
r is the distance from the axis. The ray turns back toward the axis when it 
reaches the radius rm. Equation (10.23) shows immediately that 


N(Trm) = No sini (10.24) 


for any value of i. 

Now, let us demand that all guided rays follow curved paths that intersect 
periodically. The period L should be independent of i, so all the rays are 
focused periodically to the same points; this is the condition that guarantees 
that they travel the same optical path length (Fermat's principle, Sect. 5.5). 

Since the trajectories are to be periodic, we try a sinusoidal function, 


r(z) = rm sin(rz/L) , (10.25) 
for the ray height r(z). The slope of this curve is 
dr(z)/dz = (rmr/L)cos(rz/L) (10.26) 


which is equal to r7/L when z = 0. The slope of the curve at 0 is also (in 
paraxial approximation) equal to cos. Therefore, using sini = (1 — cos?i)!/? 
in (10.22), we find that 


n(rm.) = noll ~ (zr,/L)*] 7? . (10.27) 


Tm may take any value, depending how we choose i. If the index profile of 
the fiber does not have axial variations, n(Tm) is the function we seek, and 
we may drop the subscript m. If we use the approximation that, for small z, 
(1 — x)? S 1 — az, we may write 
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n(r) S noll — (1/2)(ar/L)?) . (10.28) 

Finally, we require that the fiber have a uniform cladding; that is, that 
the index of refraction be a constant n(a) = n2 for all valucs of r > a. If we 
define An by the equation 

An —ng-m3, (10.29) 
we find immediately that 

n(r) = no — An(r/a)? . (10.30) 


The index profile described by this equation is known as a parabolic profile. 
It has been derived for meridional rays in the paraxial approximation only. 
The result is in fact a special case of the power-law profile, 


n(r) = no[1 — 2A(r/a)9]!? (10.31) 
where 
A = (nå - n2)/2n2 . (10.32) 


The delta parameter that appears in (10.31) is not the same as An; when 
An is small, An ¥ noA. The exponent g is known as the profile parameter. 
When all factors are taken into account, the best value for g may differ by 
5-10 % from the value 2 that we derived using the paraxial approximation. 


10.3.2 Local Numerical Aperture 


The numerical aperture of a graded-index fiber may be defined as (n4 —n2)!/?. 
Rays that enter the fiber on the axis and within this numerical aperture will 
be guided; those outside this numerical aperture will not. Off the axis, where 
the index of refraction is n(r) < no, the situation is somewhat different. We 
may use the generalization of Snell's law (10.23) to show that an off-axis, 
meridional ray will be guided only if 


n(r)sin8 < nz (10.33) 
This leads us to define a local numerical aperture, 
NA = [n?(r) — n2]? , (10.34) 


for meridional rays incident on the fiber end face at radius r. Because n(r) 
is always less than no, we conclude that the graded-index fiber traps light 
less efficiently than a step-index fiber that has the same numerical aperture. 
The light-gathering ability falls to 0 at the core-cladding interface. This is 
reflected by the fact that the number of modes of a fiber with a parabolic 
profile is half the number of modes of a step-index fiber that has the same 
numerical aperture. 
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10.3.3 Leaky Rays 


When light is incident on a curved surface, the laws of geometric optics break 
down; even if the angle of incidence exceeds the critical angle, light may be 
transmitted beyond the boundary, although not as efficiently as by ordinary 
refraction. The phenomenon is reminiscent of frustrated total internal reflec- 
tion. Rays that strike the curved interface but are partly transmitted are 
called leaky rays and, in a fiber, are distinguished from ordinary bound rays 
and refracted rays. When mode theory is used, these rays are associated with 
leaky modes. 

Figure 10.9 shows a ray that is incident on a curved surface whose radius 
of curvature is R. The angle of incidence i is greater than the critical angle 
ie. Still, there is power in the second medium because of the evanescent wave. 
The amplitude of this wave decreases approximately exponentially with radial 
distance from the interface. Nevertheless, the evanescent wave carries power 
in the direction tangent to the interface, and there is a phase associated with 
the evanescent wave. 

The oscillatory wave in the first medium, so to speak, drags the evanes- 
cent wave along with it, and the evanescent wave propagates power along 
the boundary. The evanescent wave must therefore keep pace with the os- 
cillatory wave. Farther and farther from the boundary, the evanescent wave 
must propagate faster and faster to keep pace. Eventually, its speed will reach 
the velocity of light c/n2? in the second medium. Relativity theory precludes 
velocities greater than light, so we conclude that the evanescent wave most 
likely turns into a propagating wave at the radius at which its velocity reaches 
c/n». This interpretation is borne out by electromagnetic theory. 

We may get some idea of the physics behind leaky rays by writing Snell's 
law in the form 


sini? = sin i4 / sin à, , (10.35) 
where sini, = n2/n;. The cosine of ig is 


cos i2 = [1 — (sini;/sini,)?]?/2 . (10.36) 


Fig. 10.9. Leaky ray 
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When 7; < i¢,cosiz is real. As i, approaches i, approaches 0. Finally, when 
i; exceeds i<, the cosine becomes imaginary; we conclude that a propagating 
wave no longer exists in the second medium. At a distance AR from the inter- 
face, however, the evanescent wave again becomes a propagating wave. When 
this happens, the imaginary angle i? will become real again, and cosi2 = 0. 
Therefore, when the evanescent wave becomes a propagating wave, i9 = 7/2; 
the radiation is emitted parallel to the surface, but at a distance AR beyond 
the surface. Because there is a gap between the incident wave and the trans- 
mitted wave, leaky rays are sometimes called tunneling rays. The greater 
that gap, the less power is lost to tunneling, since the transmittance must 
be somehow closely related to the amplitude of the evanescent wave at the 
distance AR from the interface. 

The electromagnetic theory of leaky rays is complicated. However, we 
may make an educated guess as to the relation among R, AR, and i. First, 
we know that the evanescent wave extends to oo when R = oo and the surface 
is flat. Therefore, we guess that AR is proportional to R. 

Next, we assume that the transition from refracted rays (with i; < ie) 
to leaky rays (with i; > i.) is continuous. When the rays are refracted, 
the radiation in the second medium originates at the interface. When i, is 
precisely ic, the distinction between a refracted ray and a leaky one is not 
sharp. Therefore, the transmitted propagating wave ought to originate from 
the interface when i; = i, In short, AR ought to be 0 when i; = i, and ought 
to increase with increasing 1. 

Consequently, we suspect three things: that AR œ R; AR = 0 when 
i; = i; and AR increases monotonically with increasing R. A very simple 
relationship that meets all three criteria is 


AR/R = (sini, /sini,) —1, (10.37) 


which proves to be rigorously correct. 


10.3.4 Restricted Launch 


In a fiber, Fig. 10.9 represents the projection of a ray onto a plane perpendic- 
ular to the axis of the fiber. Some rays enter the fiber with angle greater than 
the acceptance angle for meridional rays. Sometimes, however, the projec- 
tions of these rays hit the core-cladding interface at angles greater than the 
critical angle. These rays are leaky rays and have higher loss than ordinary, 
bound rays. This can create a problem for certain kinds of measurements; for 
example, the leaky rays may be a factor in a short fiber but not in a long 
one. Attenuation per unit length, for instance, varies with the length of the 
fiber being measured, all other things being equal. 

Many researchers try to overcome this problem by exciting bound modes 
only. For the case of a parabolic profile, the acceptance angle for meridional 
rays is given by an equation analogous to (10.3), 
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refracted rays Fig. 10.10. Domains of bound, leaky 
and refracted rays 


leaky rays 
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sin? 6,,(r) = n?(r) — n}. (10.38) 
Using (10.30), we may rewrite (10.38) as 
sin? &,,(r) = sin? Om, — 2ngAn(r/a)? , (10.39) 


where fm is the acceptance angle for rays incident on the axis of the fiber. 
Rays incident at any angle that is less than the local acceptance angle are 
certain to be bound rays, whether or not they are meridional rays. Other rays 
are either leaky or refracted. 

Equation (10.39) shows that sin? 0 is a linear function of (r/a)?. Figure 
10.10 is a plot that shows the relations among bound, leaky, and refracted 
rays for different values of 0 and r. The axes are normalized so that the 
plot will have universal applicability. The diagonal line represents (10.39); all 
bound rays are represented on this graph by points that lie below this line. 
Points that lie above the line but inside the square represent either leaky or 
refracted rays. Points outside the square represent only refracted rays. 

Figure 10.10 shows how to launch bound rays only: restrict 0 and r to 
values that lie below the diagonal line. We can accomplish this in many ways. 
For example, we could focus a point on the axis of the fiber and let 0 < 8n; 
in this case, we launch all the rays represented by the vertical axis between 0 
and 1. Likewise, we could illuminate the fiber with a collimated beam whose 
radius is a; this case is represented by the horizontal axis between 0 and 1. 
However, if we want to launch as many rays as possible (or excite as many 
modes as possible), we will attempt to maximize the useable area below the 
line. This is accomplished by restricting both axes to the ranges between 0 
and 0.5, as indicated by the dashed lines. The square so formed has the largest 
area of any rectangle that can be constructed wholly below the diagonal line. 
The conditions for launching only rays represented by points inside the square 
are 


sin (r) < 0.71sin6,, , (10.402) 
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and 
r«0.71a, (10.40b) 


where 0.71 is approximately the square root of 0.5. 

These equations describe a restricted launch that is called the 70-70 ezci- 
tation condition. The condition is easily met by using a lens whose numerical 
aperture is equal to 0.71 times the fiber's numerical aperture to focus a dif- 
fuse source to an image whose radius is equal to 0.71a. In practice, to avoid 
exciting leaky rays at all, slightly smaller factors than 0.71 may be used. 

A 70-70 excitation does not excite modes that are characterized by large 
values of r or sin 8. Such modes turn out in practice to be somewhat lossier 
than the lower-order modes that are excited by the 70-70 condition. A long 
fiber, say longer than 1 km, may therefore have lost much of the power in 
its higher-order modes, no matter how it was initially excited. Therefore, the 
70-70 condition yields results that are meaningful for many measurements on 
long fibers. 


10.3.5 Bending Loss and Mode Coupling 


Figure 10.11 shows a bound ray near the critical angle of a waveguide that has 
an infinitesimal discontinuity. Beyond the discontinuity the ray is refracted 
because the angle of incidence in the second section of the waveguide is less 
than the critical angle. A low-order mode is represented by rays inclined well 
past the critical angle, that is, by rays that are nearly parallel to the axis of 
the fiber. The low-order mode will not become lossy unless the discontinuity 
is very sharp, but the high-order mode will invariably become lossy. A bend 
may be regarded as a series of infinitesimal discontinuities like the one shown. 
We conclude that high-order modes are likely to be lossier at bends than are 
low-order modes. Since all fibers have microbends that result from strain 
induced by spooling or cabling, the high-order modes will be selectively lost 
from long fibers, leaving only the relatively lower-order modes to propagate. 

Similarly, skew rays that have primarily large values of r exhibit higher 
loss than other rays. This so because they travel a greater distance than more 
nearly axial rays and also because much of the power of the corresponding 
mode is propagated in the evanescent wave. There is a sharp discontinuity 
in the index of refraction at the core-cladding boundary of even a graded- 
index fiber. Any imperfections at this boundary cause substantial scattering, 


Fig. 10.11. Radiation loss at infinitesimal 
bend 
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and modes that have more power near the boundary suffer greater loss than 
others. 

Rays or modes that correspond to points near the values of 1 on either axis 
of Fig. 10.10 show higher loss than those nearer the center of the bound-mode 
area. Suppose that we excite a fiber uniformly, as by contacting the end with 
a light-emitting diode. The power distribution inside the fiber at the outset 
corresponds to uniform excitation of the modes in the triangular area below 
the slanted line in Fig. 10.10. After propagation down a substantial length of 
the fiber, both leaky rays and points near the corners of the triangle will have 
been attenuated or lost. The line will no longer delimit the mode distribution 
inside the fiber. Instead, the ends of the line will droop oe the square 
that represents the 70-70 condition. 

On the other hand, if we use the 70-70 condition to excite the fiber, some 
rays will be scattered by imperfections but will still remain bound to the 
core; this is known as mode coupling. As a result of mode coupling, the square 
will often not adequately describe the mode distribution after a considerable 
propagation length. Rather, the dashed lines will rise in some fashion to fill 
more of the area under the line. 

In a sufficiently long fiber, both launching conditions will result in the 
same distribution of power among the modes. Beyond the point where that 
happens, the modal-power distribution will not change (although the total 
power will decrease due to losses). Such a distribution of power among the 
modes is known as the equilibrium mode distribution; the propagation length 
required to reach the equilibrium mode distribution is called the equilibrium 
length. Even though many fibers have so little scattering that the equilibrium 
length is many kilometers, the concept of equilibrium mode distribution helps 
explain why the 70-70 condition gives representative results for many fibers 
under arbitrary launch conditions. 


10.4 Connectors 


Optical fibers cannot be joined haphazardly like wires or coaxial cables; 
rather, they must be butted against one another with their cores aligned 
precisely. Today, the majority of fibers are single-mode fibers, and their cores 
are typically about 5 jum in radius. An alignment error or offset of 1 um can 
cause a very significant loss of guided power. Unless this coupling loss can be 
held within tight tolerances, either the designer of fiber communication sys- 
tems will have to use higher-power sources or more-frequent repeaters than 
are optimal, or connectors will have to be adjusted by hand. Both options 
are costly, so considerable effort has been expended to reduce the loss of both 
fixed splices and demountable connectors. 

Before they are joined, either in a permanent splice or a demountable 
connection, fibers are usually cleaved, or broken, so that the end of the fiber is 
flat and perpendicular to the axis. This is accomplished by first removing the 
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coating from the fiber. The fiber is put under tension, and the outer surface is 
scratched with a diamond or other hard edge at the point where the cleaved 
end is needed. Sometimes, the fiber is scratched and then subjected to a 
shear force. If the tension is right, the fiber breaks smoothly. Two fiber ends 
may then be welded or fused in an electric arc, or pushed through a ceramic 
or glass capillary tube and held together with an index-matching fluid or 
cement. Either method works only if the core is located very accurately at 
the center of the cladding, if the cleave is perpendicular to the axis, and, in 
systems that use a capillary tube or a vee groove, if the cladding diameter 
and ovality are held within precise limits. If, for example, the core of a single- 
mode fiber is offset from the center of the cladding by even 1 jum, the loss 
will be significant. 


10.4.1 Multimode Fibers 


We may derive some insight into the connector problem by considering a mul- 
timode slab waveguide. Assume that the waveguide has a step-index profile 
and its core is uniformly illuminated both across the face of the waveguide 
and within its numerical aperture. 

Now consider two such waveguides cut off at right angles and butted 
against one another, as in Fig. 10.12. The left side of Fig. 10.12 illustrates an 
arial misalignment between two waveguides that are closely connected but 
not aligned quite correctly. Because we are assuming that the waveguides 
are uniformly illuminated, the transmittance when there is such an axial 
misalignment is 


Ts = (1-6/6), (10.41) 


where b is the width of the slab (the diameter of the core in real fibers). 
The right side of Fig. 10.12 shows an angular misalignment $. Here, we 
assume that the angle is small enough that the waveguides are nearly in 
contact despite the angular misalignment. The acceptance half-angle 0 of the 
waveguide is sin ^! (N A). Because the second waveguide is inclined at angle ¢ 
to the first, some of the rays that are emitted from the first waveguide will fall 


Fig. 10.12. Loss mechanisms in fiber-to-fiber couplers. Left, radial or transverse 
misalignment. Right, angular misalignment. [This and the following two figures after 
M. Young, Geometrical theory of multimode optical fiber-to-fiber connectors, Opt. 
Commun. 7, 253-255 (1973)] 
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Fig. 10.13. Axial separation between 
two fibers 


onto the second with angle of incidence greater than 0. Because we assume 
uniform illumination throughout a full angle of 20, we find by inspection that 


Ty = 1 — (6/20) (10.42) 


is the transmittance of the connection. 

Axial separation between the waveguides is more complicated and cannot 
be calculated as easily. Figure 10.13 shows two waveguides separated by a 
distance s but otherwise correctly aligned. Dimension z in the plane of the 
face of the waveguide is measured from the axis. In agreement with our 
assumption of uniform filling of the numerical aperture of the waveguide, we 
assume that the radiance L of any differential element dz is 


L = Lo, angles < @; 
L —0, angles > @. (10.43) 


According to (4.2), the increment of power dP emitted by a differential ele- 
ment dz is 


dP = Lodz , (10.44) 


where we ignore the second dimension in this one-dimensional approximation 
and use the fact that the cosine is 1 for small angles. 
Whenever 


r--stan6 « b/2, (10.45) 


all the power dP is transferred to the second fiber. When z exceeds (6/2) — 
stan 6, however, only the fraction 
. stan + (b/2) — x 
3 2s tan 0 " 
is transferred to the second fiber. This function is linear in z and has slope 
—1; it falls to 0.5 when x reaches its maximum value b/2. 

The differential power transferred to the second fiber as a function of z is 
a constant as long as (10.45) holds; then it decreases linearly with increasing 
x until z reaches 6/2. This is shown in Fig. 10.14, normalized so that the 
constant value is 1. 

The transmittance of the connection is the integral of the function de- 
picted in Fig. 10.14. It is equal to the area of the rectangle minus the upper- 
right corner, which is shown hatched. Therefore, 


Port (10.46) 
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Fig. 10.14. Differential power 
coupled between two fibers as 
a function of normalized dis- 
tance r/b between the two 
fibers 
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T, = 1 — (stan0)/2b (10.47) 


is the transmittance of a connection that displays axial separation s. In 
(10.47), tan@ is very nearly equal to the numerical aperture of the 
waveguide. 

Most multimode fibers today are graded-index fibers. In consequence, 
neither the core nor the numerical aperture accepts or emits light uniformly. 
Rather, the irradiance of the exit face is a maximum at the center of the 
core and decreases to 0 at the core-cladding interface. Similarly, the angular 
distribution of power is a maximum on the axis of the fiber and decreases to 
0 at angle 0. Finally, fibers are circular in cross section, not slabs. Equations 
(10.41, 42) and (10.47) therefore slightly underestimate the losses if they are 
applied to optical fibers. For example, for graded-index fibers with a uniform 
mode distribution, the second (or loss) terms on the right side of (10.41) and 
(10.42) must be multiplied by 1.7, whereas the second term on the right of 
(10.47) must be multiplied by 2. For an equilibrium mode distribution, the 
loss is yet higher. 

Still, we may compare the three loss mechanisms by calculating the loss 
for typical misalignments. A typical multimode fiber has a core diameter of 
62.5 im and a numerical aperture of 0.25. The cladding diameter may be 
uncertain by about 2 m, so two fibers are apt to be joined with capillaries 
that are 2 um oversized. The axial misalignment therefore may be of the order 
of 2 um as well. Then, according to (10.41), the transmittance of a misaligned 
connection is about 0.97 (loss of 0.1 dB). 

A typical cleaved fiber displays an end that is nearly perpendicular to 
the axis; a typical angular misalignment, caused, for example, by a slightly 
angled cleave, may be about 1°. If the numerical aperture of the fiber is 0.25, 
according to (10.42), this results in a transmittance of 0.97. Finally, it is easy 
to join two fibers with an axial separation of 1 um; (10.47) shows that the 
transmittance of the connection is then 0.998 (0.01 dB). The most severe 
losses are therefore axial misalignment and angular misalignment. 

We have so far assumed that the two fibers are identical; they may not be. 
If the diameter or the numerical aperture of the second fiber is less than that 
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of the first, there will be loss. Consider first a diameter mismatch. Assume 
uniform illumination but, this time, circular cores. The transmittance of the 
joint is, by inspection, the ratio of the diameters of the two fibers, at least, 
if there is no misalignment. That is, 


Tp = (Do/Djy. , (10.48) 


where the subscript 2 means the second (smaller) fiber and 1 means the first. 
With 62.5 um cores, the transmittance is 0.97 if there is a 1 um difference 
between the two core diameters. Very similar fibers must be joined if losses 
are to be held to a minimum. 

Finally, the numerical apertures may be mismatched as well. Assume, as 
before, that power is emitted uniformly within the numerical aperture of the 
first fiber. Likewise, the second fiber has uniform acceptance within its nu- 
merical aperture, but its numerical aperture is less than that of the first fiber. 
The total power that the first fiber radiates into a cone is proportional to the 
square of the numerical aperture, according to (4.17); here the angles are so 
small that the difference between a Lambertian source and a uniform source 
is insignificant. The second fiber accepts only radiation that is incident within 
its numerical aperture. By an argument exactly similar to the argument that 
led to (10.48), we find that the transmittance is 


Twa = (NA2/N Ai) , (10.49) 


when the numerical aperture of the second fiber is less than that of the 
first. If the numerical apertures are about 0.25 and differ by 0.01, or 4%, 
the transmittance is about 0.92 (0.4 dB). This is the greatest loss we have 
encountered ard shows again that very similar fibers must be joined to keep 
losses to a minimum. 


10.4.2 Single-Mode Fibers 


A single-mode fiber is characterized by its waveguide radiation mode, not by 
rays; coupling from one single-mode fiber to another requires mode matching 
(Sect. 8.3.3). That is, a beam will couple efficiently into a fiber only if that 
beam displays an amplitude profile — electric-field amplitude as a function 
of radius - that is identical to that of the fiber. Otherwise, there will be 
loss, whether the beam comes from another fiber or is a laser beam focused 
by a lens into the core of the fiber. This is so because fiber modes are a 
resonance phenomenon (Sect. 10.2 and Fig. 10.2), where the electric field res- 
onates transversely to the direction of propagation (between the walls, in the 
case of a slab waveguide). If two single-mode waveguides are joined imper- 
fectly, the field of the first does not bring about a perfect resonance in the 
second, and coupling loss results. 

The radiation mode of many single-mode fibers can be described by a 
Gaussian amplitude distribution (Sect. 8.3.3). To propagate a laser beam ef- 
ficiently into such a fiber, that beam must be focused onto the entrance face 
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of the fiber with approximately the same numerical aperture and, therefore, 
beam radius as the fiber. If the numerical aperture of the beam is too large, 
the beam radius is smaller than that of the fiber, and loss results. Similarly, 
if the numerical aperture of the beam is too small, the beam radius is larger 
than that of the fiber, and loss also results. One method for adjusting the 
numerical aperture of the incident beam is to begin with a microscope objec- 
tive whose numerical aperture is higher than that of the fiber and to expand 
the laser beam (say, with negative lenses) until the most efficient coupling 
is obtained. A semiconductor-laser beam is usually elliptical and has to be 
adjusted with cylindrical lenses or prisms until its profile is approximately 
circularly symmetric. 

Modes in a fiber form a complete mathematical set. This means that the 
integral of the product of one mode with the complex conjugate of another is 
0 if the modes differ and 1 if the modes are the same. The lowest-order mode 
in any fiber is therefore characterized by 


E(r) = Ae" /v* (10.50) 
where 
A = (2/7)? /w (10.51) 
because of the condition that 
oo 
Qn / E*(r)rdr = 1. (10.52) 
0 


The loss introduced by a diameter mismatch to the fiber’s radiation mode 
may be estimated by calculating the overlap integral between the incident 
radiation mode and that of the fiber; this is the integral over all space of the 
product of the amplitude distributions, 


oo 
t= iA | e^" Wig ipd (10.53) 

0 
Equation (10.53) may be integrated by making a change of variables u — 
V2r/w, where 1/w? = 1/w? + 1/w2. The integration results in the amplitude 
transmittance, 


t = 2/[(w2/w1) + (wi/we)] , (10.54) 


where 1 means the first fiber and 2 means the second fiber. We are interested, 
however, in power or intensity, so we square (10.54) to yield the transmit- 
tance, 


Tw = A/[(wg/w1) + (uy/w3)? . (10.55) 


Unlike the result (10.48) for multimode fibers, (10.55) does not depend on 
which fiber is the smaller. 

A typical single-mode fiber has a mode-field radius w of the order of 
5 um. If we assume a possible mismatch of 0.5 um, then (w;/w2) = 0.9, and 
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T = 0.99 (0.04dB). The ray approximation (10.48) would yield 0.9, so it is 
completely inappropriate for single-mode fibers. 

A similar calculation shows that if there is a radial alignment error 6 be- 
tween two identical fibers with mode-field radius w, the loss of the connection 
is 

Tyeet iw (10.56) 


(Problem 10.12). If w = 5 um and ó = 1 um, the transmittance of the joint 
is 0.96, which represents a very significant loss when we consider that single- 
mode fibers can propagate only relatively little power compared with multi- 
mode fibers. 

An angular misalignment ó gives rise to a transmittance 


Ty ze now? (10.57) 


where n is the index of refraction of the material between the ends of the 
fibers. If A = 1.3um, w = 5um, n = 1.46, and ¢ = 1°, then T, = 0.91, a 
significant loss. 

The formula for axial separation is complex but shows that separation 
between the ends of the fibers is not important. Radial and angular mis- 
alignment are therefore the most important. It is comparatively easy with a 
vee groove or a tight capillary to align a connection within a fraction of 1°, 
and fibers can easily be brought within 1 um of each other. The diameter of 
the cladding of a fiber, however, is not known accurately within 1 jum, and 
the eccentricity between the core and the center of the cladding may also be 
in error by 1 um. Achieving an axial offset of 1 um is therefore difficult and 
demountable fiber connectors usually suffer a measureable loss. 


10.4.3 Star Couplers 


A device that connects the output of one fiber to many or, perhaps, of many 
fibers to many, is called a star coupler. The simplest star coupler is a hollow 
tube (or a dielectric rod) with a single fiber inserted at one end and along the 
axis of the tube. Light emitted from the fiber fills the tube and is reflected 
from the wall. A bundle of fibers is inserted into the other end of the tube. 
If the tube is long enough, each fiber in the bundle will receive roughly the 
same power as its neighbors. A star coupler therefore allows a signal to be 
transferred from a single fiber to any number. 

If the output bundle consists of N fibers, the overall core area in the 
bundle is N times the area of the core of a single fiber. Let us call the ratio 
of this overall core area to the cross-section of the star coupler the packing 
fraction. Because of a low packing fraction, a star coupler is not very efficient 
at distributing power. A multimode fiber with a 125 um cladding diameter, 
for example, might have a core diameter of 62.5 um. Even if the fibers are 
closely packed, under 25% of the light in the star coupler will fall onto the 
cores of the output fibers. If those fibers have a step-index profile that is the 
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same as that of the input fiber, the efficiency of the star coupler is equal 
to the packing fraction, apart from reflection losses at the walls of the tube 
and the faces of the fibers. The efficiency is yet lower for graded-index fibers, 
because not all the light that falls onto the core falls within the local numerical 
aperture. 

A bundle of single-mode fibers displays a far lower packing fraction than 
a bundle of multimode fibers. A star coupler made of a simple tube is there- 
fore extremely inefficient. A better star coupler for single-mode fibers is an 
integrated-optical device similar to a branch (Sect. 12.1.3), but where the in- 
put waveguide expands to many times its own width before being divided 
into a number of output waveguides. Unfortunately, the fibers must be con- 
nected very precisely to such a coupler, so the simplicity of the tubular star 
coupler is lost. 


Problems 


10.1 Uniform illumination with high numerical aperture is shone onto the 
edge of a step-index slab waveguide. The power coupled into the waveguide 
is proportional to the parameter 2aN A, where 2a is the thickness of the slab. 
Find the relationship between this parameter and the power coupled into the 
waveguide when the index profile is parabolic. (In two dimensions the square 
of 2aN A is the appropriate parameter.) 


10.2 A point source is imaged onto the end of an optical fiber. The axis of the 
beam is accurately parallel to that of the fiber. The beam is to be scanned 
across the core of the fiber and must remain in focus. To what accuracy must 
the end of the fiber be cleaved perpendicular to the axis? Express your result 
as a function of the numerical aperture of the focusing optics and evaluate 
the function for typical microscope objectives. 


10.3 For chopping or modulating a beam, we image the output of one fiber 
onto the input of another using two microscope objectives. 

(a) Assume that the two fibers are identical, with 50-um core and a nu- 
merical aperture of 0.2. Explain why coupling efficiency is best at unit mag- 
nification, that is, equal focal lengths. 

(b) Suppose that the input fiber has a core diameter of 100 um and a 
numerical aperture of 0.15; the second fiber remains as in (a). Show that 
coupling efficiency can be improved by using a value of m « 1 and, further, 
that the value of m is not critical. (Note, though, that the second fiber will 
always be overfilled at launch.) 


10.4 A uniform point source is located in contact with a glass plate 1 mm 
thick. A step-index fiber is butted against the plate, its axis intersecting the 
point source. The numerical aperture of the fiber is 0.15, its core diameter is 
90 um, and the index of refraction of the plate is 1.5. 
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(a) What fraction of the light emitted by the source is guided by the fiber? 

(b) What if the plate is 250 um thick? 125 uum? 

(c) In the 250-um case, suppose that the source is a plane, Lambertian 
source 50 um in diameter. What are its effective radius and position (consider 
meridional rays only)? 


10.5 (a) Find the spatial period L of the ray trajectory in a fiber with a 
parabolic index profile. Evaluate L for the case that a = 50um and An = 
0.01. (b) Relate the slope of the trajectory at r = 0 to the numerical aperture 
of the fiber. Using the ray model, explain qualitatively why local numerical 
aperture decreases uniformly to 0 at the core-cladding interface. 


10.6 Assume that attenuation per unit path length is independent of the 
trajectory in a parabolic-profile fiber. Compare the attenuation of an extreme 
ray (rm = a) with that of the axial ray. [Hint: Use the binomial expansion 
to show explicitly that the rays’ attenuations differ in second order of a/L.] 
What happens in the case of a single-mode fiber? 


10.7 A plane wave (with infinite extent) is shone onto the end of a planar, 
multimode waveguide at angle ¢ to the axis of the waveguide. This wave is 
truncated when it enters the waveguide aperture. 

(a) Call the angle that corresponds to the mth waveguide mode 6,,, as in 
(10.7). Find a relationship between the far-field diffraction angle Aó of the 
truncated plane wave and the angle A@ between adjacent waveguide modes. 

(b) Suppose that the wave is incident at precisely the angle ¢ = 6,, that 
corresponds to an even-numbered waveguide mode. Explain why only one or 
a few modes are likely to be excited. 

(c) The fraction of the power actually coupled into any mode is related 
to the overlap integral 


f E(z) Em (z)dz 


between the incident field E,(r) and the mode field E,,(r), where x is the 
dimension across the waveguide [cf. (10.52) and (10.53)]. Show why even- 
order modes are excited more efficiently than odd, and that orders m + 1 
and m — 1 in (b) are not excited at all. [Note: If the angle of incidence is not 
precisely Ôm, or if the incident beam is not uniform, then other modes may 
be excited.] 


10.8 Consider a star coupler with one input fiber and 19 output fibers. The 
output fibers are closely packed in a hexagonal array. All fibers have 125 um 
outside (cladding) diameters, 62.5 um core diameters, and a numerical aper- 
ture of 0.2. Assume further that they have step-index profiles, so their radi- 
ance is constant as a function of angle, then falls abruptly to 0. 

(a) Sketch the array of output fibers. Estimate the shortest star coupler 
that will excite the output fibers with roughly equal efficiency. Estimate the 
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overall efficiency of the coupler; that is, estimate what fraction of the light 
from the input fiber is coupled into the cores of the output fibers. 

(b) Suppose that the fibers are graded-index fibers with the same param- 
eters. Explain qualitatively why the coupler will have to be much longer than 
your answer to (a). Why will the efficiency also be lower, apart from increased 
reflection losses? 


10.9 A helium-neon laser beam has a beam radius w of 1 mm. It is focused 
onto the core of a single-mode fiber by a diffraction-limited lens that has a 
focal length of 20 mm. The mode-field radius of the fiber is 5 um. Calculate 
the fraction of the total power that is coupled into the fiber. [Hint: How 
is this problem similar to coupling between two dissimilar fibers?] The re- 
sult, incidentally, may be misleading because the diode-laser beams usually 
used in optical communications are elliptical and therefore difficult to couple 
efficiently into a fiber. 


10.10 Verify (10.51). 
10.11 Show that, in one dimension, the result analogous to (10.51) is 

A = (2/1)! t Jw . (10.58) 
10.12 Two identical single-mode fibers are offset by a distance 6. Show that 
the transmittance of the joint is e^? /"', where w is the mode-field radius of 


the fiber. Hint: Let ó be offset in the z direction and perform the calculation 
in rectangular coordinates. f^" e^" du = /7/2. 


11. Optical-Fiber Measurements 


In this chapter, we shall discuss a variety of field and laboratory measure- 
ments on telecommunication fibers. These are mostly optical measurements, 
such as attenuation, the distortion of a pulse due to the properties of the 
waveguide or the material of which it is made, and the distribution of index 
of refraction in the core. Except for the effect of the fiber on the electri- 
cal bandwidth of a signal, we do not consider electronic measurements here. 
Likewise, source and detector problems have been discussed in Chap. 4 and 
are omitted from this chapter. 


11.1 Launching Conditions 


Certain measurements on multimode fibers, particularly attenuation and 
bandwidth, often yield different results for different launching conditions; that 
is, the outcome of a measurement depends on the manner in which the core 
of the fiber is illuminated. For example, rays that propagate nearly parallel to 
the axis of a step-index fiber travel a shorter path than rays that propagate 
at the critical angle, or near cutoff. In the mode picture, this means that 
low-order modes suffer less loss than high-order modes. Thus, for example, 
if a step-index fiber is excited by a beam that has a low numerical aperture, 
primarily low-order modes are excited, and a measurement of attenuation 
will yield an artificially low result. 

There has been no little effort, therefore, to determine a set of launching 
conditions that will give substantially the same results among laboratories 
as well as give representative results when compared to field measurements. 
Because the fibers used for telecommunications are comparatively long, say 1 
to 5km, the industry has largely agreed to make certain measurements using 
either the 70-70 condition or some sort of equilibrium mode simulator. 

The need for an equilibrium mode simulator is illustrated in Fig. 11.1. 
Here f(L) represents some quantity, such as attenuation per unit length, 
that we want to measure. If we launch a mode distribution that has more 
power in the high-order modes than the equilibrium distribution, we say that 
the fiber is overfilled; if we launch lower power in those modes, the fiber is 
underfilled. In the example, an overfilled condition results in higher values 
of f(L) than does an equilibrium distribution. As the length of the fiber 
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Fig. 11.1. Approach to equilibrium 
mode distribution 
overfilled 


underfilled 


is increased, the mode distribution approaches the equilibrium distribution. 
When f(L) approaches the equilibrium value, we say that L is equal to the 
equilibrium length. Clearly, equilibrium length is a function of launch con- 
ditions, as is shown by the several curves, which represent different degrees 
of under- or overfilling. The term "overfilled" can also be used to mean that 
the fiber is excited by a beam whose numerical aperture exceeds that of the 
fiber, whose diameter exceeds the diameter of the core, or both. The two uses 
are, practically, equivalent. 

Precisely the same arguments hold for an underfilled launch, except that 
here this condition results in measurements that are less than the equilibrium 
values. The object of many fiber measurements is to determine an approxi- 
mation to the equilibrium value of a quantity, even for short lengths of fiber. 


11.1.1 Beam-Optics Launch 


The 70-70 condition is usually met by projecting an image of a diffuse source S 
onto the end of the fiber with an optical system like that shown in Fig. 11.2. 
This is often called a beam-optics launch. The source may be a tungsten 
lamp, preferably one that has a flat, ribbon filament and gives more-uniform 
illumination than an ordinary, coiled filament. Its image is projected into 
the plane of an aperture with a pair of condensing lenses. The lenses need 
not have high quality. The beam is roughly collimated between the lenses 
so that interference filters F may be used to select the wavelength of the 
measurement. 


SA 
F AS| MO 


Fig. 11.2. Beam-optics launch, showing source, filter, source aperture and aperture 
stop 
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A high-quality lens such as a microscope objective projects the image of 
the source aperture SA onto the face of the fiber. The magnification and the 
diameter of the source aperture are chosen so that the image fills approx- 
imately 70% of the fiber core. Similarly, the aperture stop AS is adjusted 
so that the beam’s numerical aperture is approximately 70% of the fiber’s 
numerical aperture. 


11.1.2 Equilibrium Mode Simulator 


The equilibrium mode distribution arises because of microbending and scat- 
tering. It can be approximated in a short length of fiber by wrapping the 
fiber several times around a post or mandrel a centimeter or so in diameter, 
or by using a series of posts to create a serpentine bend 10cm or so long (Fig. 
11.3). These sharp bends rapidly discriminate against high-order modes (the 
upper-left corner of the triangle in Fig. 10.10) although they do little to fil- 
ter out modes with large values of r. Nevertheless, these equilibrium mode 
simulators usually give results that are consistent with both the beam-optics 
launch and the equilibrium mode distribution. 

The equilibrium mode simulator is attached to the first few centimeters 
of the test fiber. After the measurement is made, the fiber is often cut off 
just beyond the simulator, and the measurement is repeated. The quantity 
of interest is then taken to be the ratio of the two values. The measurement 
is done in this way to eliminate the effects of the simulator in cases where 
they might be significant. Thus, methods that use equilibrium mode simula- 
tors may be destructive, whereas the beam-optics method may not be. See 
Sect. 11.2.1. 

Naturally, not any mandrel wrap or series of serpentine bends will suffice. 
An equilibrium mode simulator must be qualified by comparing the output 
light distribution of a short length of fiber with that of the length of test fiber. 
The output numerical aperture or radiation angle is measured for both fibers 
(Sect. 11.6); the mode simulator is adjusted until the two measurements agree 
within a certain precision, at which point the filter is said to be qualified. This 
procedure ensures that the distribution of power among the modes along the 
length of the fiber is at least roughly constant; it has been shown to yield 
measurement results that are repeatable from one laboratory to another. 

The serpentine-bend mode filter consists of two series of posts; one is 
moveable, as indicated in the figure. The filter is adjusted by changing the 
pressure of the moveable posts on the fiber. A mandrel-wrap mode filter 
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may be adjusted by increasing or decreasing the number of turns around the 
mandrel. 


11.1.3 Cladding-Mode Stripper 


Light may get into the cladding of a fiber, either because of leaky or refracted 
rays or, in the case of an overfilled launch, directly from the source. If the 
cladding is surrounded by air or by a protective coating with a low index of 
refraction, the light in the cladding will be trapped and propagate down the 
fiber. Light so guided has mode structure, just as does light guided in the 
core. Hence, we call light trapped in the cladding cladding modes. 

If measurements are to be meaningful, cladding modes must usually be 
eliminated. This is accomplished with a cladding-mode stripper. This device 
is generally just a felt pad saturated with a fluid that has a higher index 
of refraction than the cladding. A few centimeters of fiber are stripped of 
any protective coating or buffer and pressed against the felt pad. Because 
the index of refraction of the fluid is higher than that of the cladding, light 
incident on the cladding boundary is refracted, rather than reflected. All the 
light is removed from the cladding in a few centimeters. 

As light propagates down the fiber, leaky modes and scattering will cause 
light to couple gradually into the cladding. The coating of the fiber may have 
a higher index of refraction than the cladding and act as a cladding-mode 
stripper by absorbing cladding modes. In practice, therefore, a cladding mode 
stripper may be superfluous. 


11.2 Attenuation 


The diminishing of average power as light propagates along a waveguide is 
called attenuation. Several factors cause attenuation in optical fibers. The 
fundamental limit, below which attenuation cannot be reduced, is caused by 
Rayleigh scattering. This is scattering that is intrinsic to the material and is 
caused by microscopic index fluctuations that were frozen into the material 
when it solidified. These fluctuations are caused by thermodynamic effects 
and cannot be reduced beyond a certain limit, except perhaps by discovering 
materials, such as zinc selenide, that harden at a lower temperature than 
vitreous silica. 

Scattering by an index fluctuation is caused by diffraction. To describe 
such scattering, we therefore return to (7.21), with g(r) a complex num- 
ber. We take the index fluctuation to have dimension b << A; the complex- 
exponential function exp(—ikz sin 8) in (7.21) is therefore equal to 1 over the 
range of integration of interest. 

We next assume that the index of refraction is everywhere n, except at 
the location of the fluctuation, where it is n 4- An. Figure 11.4 depicts the 
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Fig. 11.4. Scattering by an index fluctuation 


situation in a highly schematic way in which the fluctuation is depicted for 
ease of drawing as a bump on a surface; in fact, it is a density fluctuation 
inside a solid. The function g(x) in (7.21) may be replaced by 


g(x) =e Art , (11.1) 


where t is the thickness of the fluctuation. 
Since the fluctuation is small, we may assume that Ant < A. We therefore 
approximate g(x) by 


g(x) = 1—ikAnt , (11.2) 


which is the first two terms of the Taylor-series expansion of the exponential 
function. The leading term, 1, describes the light that is transmitted without 
diffraction and does not interest us. The second term is the scattering term, 
and we apply it to (7.21) to find that 


b/2 
E, x a/y f ikAntdz , (11.3) 
—b/2 


where E, is the scattered electric-field strength. We have assumed that the 
integrand is a constant, so we find immediately that the scattered intensity 
is 


I, x Ant/M , (11.4) 


independent of angle. Therefore, total scattering into 47 sr is proportional 
to Is. The result is completely general and describes scattering by any small 
index fluctuation; it was first derived by Lord Rayleigh to explain the blueness 
of the sky. 

Scattering loss by an ensemble of small fluctuations is therefore propor- 
tional to A~*. Experimentally, we find that scattering loss in a fiber is nu- 
merically about equal to 1: A^* when wavelength is measured in micrometers 
and scattering loss is measured in decibels per kilometer. 

The major source of attenuation in the earliest fibers was absorption by 
impurities, especially water. When the water content is reduced to a few 
parts per million, the absorption loss may be reduced below scattering loss 
at certain wavelengths. Other sources of loss are microbending loss, which 
we have already discussed, and scattering by imperfections. Microbending 
loss seems to contribute more to mode coupling than to attenuation, and 
imperfections have largely been removed from high-quality communication 
fibers. Therefore, we may now obtain fibers whose attenuation loss is very 
nearly that determined by Rayleigh scattering. 
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11.2.1 Attenuation Measurements 


These are made using either an equilibrium mode simulator or a beam-optics 
launch with the 70-70 condition. For high-loss fibers, a simple insertion-loss 
measurement suffices. Light is launched into the fiber and the output power 
measured. Then the fiber is removed from the apparatus and the input power 
is measured. The transmittance of the fiber is assumed to be the ratio of the 
two measurements. 

The insertion-loss method must be used for fibers that are already at- 
tached to connectors. However, for isolated fibers, it ignores possible errors 
that may result from coupling to the fiber; that is, it assumes that coupling 
loss is far less than attenuation. This is not necessarily the case with the 
low-loss fibers intended for long-distance communication. For measurements 
on such fibers, the cutback method must be used: the fiber is inserted into the 
measuring system and the transmitted power is measured. Then the fiber is 
cut off a few tens of centimeters from the input end and the transmitted power 
is measured again. The transmittance of the fiber is the ratio of these two 
measurements. The input coupling loss is the same for both measurements, 
so its possible effects are eliminated. Output coupling loss is presumed to be 
the same for both measurements. 

Some researchers, for convenience, use a modified cutback method; they 
place side by side the fiber being tested and a short piece of the same fiber. 
Attenuation is assumed to be the ratio of the powers transmitted by the two 
fibers. This technique is attractive because the measurement can be repeated 
many times to ensure better precision. However, it is not as accurate as the 
true cutback method because the two fiber ends may not exhibit exactly the 
same input coupling loss. 

Attenuation is conventionally measured in decibels. If the transmittance 
of the fiber is T, the absorption coefficient a is given implicitly by 


qug (11.5) 


(Sect. 8.1). Because e = 1079-55, we find that the optical density of the fiber 
is 0.45 aL. We assume that the absorption coefficient does not depend on 
the length of the fiber; this is, after all, the purpose of using the restricted 
launch conditions (Sect. 10.3.4). 

Optical density is the same as the loss expressed in bels or logarithmic 
units. However, the use of decibels, or tenths of a bel, is more common than 
bels. The attenuation coefficient in decibels may be expressed as 


a’ = (10log;o T)/L , (11.6) 


where T is the transmittance of the fiber. 

Figure 11.5 is a sketch of the attenuation of typical fibers as a func- 
tion of wavelength. The upper curve describes a high-loss fiber, whereas the 
lower curve describes a telecommunication fiber designed for relatively long- 
distance transmission. The peaks are the result of absorption by water im- 


11.3 Fiber Bandwidth 299 


a (dB/km) 


A (um) 


Fig. 11.5. Optical fiber loss coefficient as a function of wavelength. [Courtesy of 
J. M. Dick, Corning Inc.| 


purities. The dashed line shows the theoretical limit imposed by Rayleigh 
scattering. 

The wavelengths of greatest interest for communications are 850 nm, 
1.31 um, and 1.55 um because they fall between the absorption bands, where 
attenuation is least. These wavelength regions are known as the first, second 
and third windows, the first window was developed first because of the ready 
availability of near-infrared sources and silicon detectors. The second and 
third windows have ultimately greater interest for long-distance transmis- 
sion such as undersea cables. There is, however, renewed interest in the first 
window for short-distance communication, as among computers in a build- 
ing. Such geographically compact networks are called local area networks and 
may use multimode fibers. Sometimes, these fibers are excited with restricted 
launch conditions to increase their electrical bandwidth. 


11.3 Fiber Bandwidth 


Suppose that a pulse or an intensity-modulated signal is transmitted by an 
optical fiber. If the waveform that emerges from the fiber differs from what 
was transmitted (except for attenuation), we say that the signal has been 
distorted. Strictly speaking, distortion must be distinguished from dispersion, 
which is the variation of some physical quantity with wavelength. Dispersion 
is only one of the causes of distortion. In optical communication, dispersion 
is sometimes redundantly called chromatic dispersion, perhaps to distinguish 
it from polarization-mode distortion (Sect. 11.3.3). 


11.3.1 Distortion 


When rays travel different optical paths and therefore take different times 
to travel the length of the fiber, we speak of intermodal distortion. This is 
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the form of distortion we talked about earlier, in connection with (10.4); 
it is analogous to multipath distortion in television. Intermodal distortion 
is the factor that limits step-index fibers to either low bandwidths or short 
distances. As we noted earlier, it may be reduced by using graded-index fibers 
or be eliminated entirely with single-mode fibers. 

Even if intermodal distortion were eliminated entirely, intramodal distor- 
tion would still exist. Intramodal distortion is distortion that occurs within 
modes, rather than between, and is important in single-mode fibers and 
in graded-index fibers in which the source linewidth is large, as with LED 
sources. 


11.3.2 Material Dispersion 


One of the causes of intramodal distortion is material dispersion; this refers to 
the variation of the index of refraction with wavelength and is usually called 
simply dispersion in other branches of optics. Material dispersion should be 
about the same for all fibers that have roughly the same glass composition, 
that is, for nearly all fibers that have a vitreous-silica core. 

Suppose we use a source whose linewidth is AA to propagate a narrow 
pulse down a fiber. We assume that intramodal distortion dominates inter- 
modal distortion in this fiber and consequently ignore differences of group 
velocity among modes. This is the same as assuming that cos@ ~ 1 in the 
case of a step-index fiber. Thus, we assume that, for all modes, the pulse prop- 
agates with velocity c/ng, where ng is the group index of refraction given by 
(5.33). The pulse traverses a fiber whose length is L in a time 


r(A) = Im, /e = (L/c) (x " ^) (11.7) 
where 7(A) is the transit time or group delay and varies with A if n varies 
with A. 

For signal distortion, we are not interested in the group delay but in the 
variation of the group delay with wavelength. If the linewidth of the source 
is AA, the variation Ar of the group delay as a result of dispersion is 


Ar = (dr/dA)AA , (11.8) 
or 

AT À d?n 

m ^71dx ^^ i (11.9) 


where the derivative is to be evaluated at the central wavelength of the source. 
The electrical bandwidth Af of the fiber is approximately 
Af = l/Ar. (11.10) 


The second derivative in (11.9) is 0 at ~ 1.25 um; distortion that re- 
sults from material dispersion can be largely corrected by operating near this 
wavelength. 
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11.3.3 Waveguide Dispersion 


Another form of intramodal distortion results from waveguide dispersion. This 
comes about because the angle @ is a function of wavelength; therefore, as 
the wavelength changes slightly, the group delay of a given mode changes 
slightly, whether or not there is significant material dispersion. 

The effective velocity with which a given ray propagates along the fiber 
is the component of the group velocity parallel to the fiber axis. That is, 


Vy = Ug cosÓ . (11.11) 


Because A and @ are related [through (10.7)], v, depends on wavelength. 
In the absence of material dispersion, the group velocity is the same as 
the phase velocity, so 


vj = (c/n1) cos0 (11.12) 
in a step-index fiber. The group delay is therefore 
T(A) = Lni/(ccos0) . (11.13) 


As before, we use (11.8) to calculate the variation of the group delay over the 
wavelength interval AA; we find that the variation of the group delay with 
wavelength is 


Ln, dé 
Ar = ——— sinó— AA, 11.14 
T z sind) ( ) 
where we use the approximation cos # = 1 after calculating the derivative. To 


evaluate d@/dA, we use (10.5) with cos: = sin @ to find that 


mA = 2dn, siné , (11.15) 
and finally that 
Ar/r & —sin? 0(AX/A) . (11.16) 


The maximum value of Ar occurs when @ has its maximum value ĝm; this is 
approximately the total variation of group delay for the fiber as a whole. 

Analysis of graded-index fibers that have arbitrary values of the profile 
parameter g shows that waveguide dispersion is very nearly 0 when 
Tli à dA 
Tlg1 A dd 
where ng; is the group index in the core. The optimal value of g can differ 
significantly from 2 and depends on the wavelength and the doping of the 
core of the fiber. 

A single-mode fiber suffers from intramodal distortion; the total in- 
tramodal] distortion is approximately the sum of (11.9) and (11.16). The 
second derivative in (11.9) changes sign near 1.25 um; at some greater wave- 
length, total distortion can be made very nearly 0. A single-mode fiber can 


g=2-2A-2 (1-4/2) , (11.17) 
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therefore be combined with a narrow-line source such as a laser diode to pro- 
vide a communication channel with a very large bandwidth. This is one of 
the reasons for the interest in using such fibers with long-wavelength sources. 

Additionally, a single-mode fiber in reality supports two modes, one for 
each of two polarization states. Because of birefringence, these two modes 
propagate with slightly different velocitites and therefore different group 
delays. The difference between these group delays, which is very hard to 
calculate analytically, gives rise to polarization-mode distortion, or PMD. 
Polarization-mode distortion is the factor that ultimately limits the electri- 
cal bandwidth of a single-mode fiber. 


11.3.4 Bandwidth Measurements 


These also need to be made with some kind of standard launch conditions; 
most commonly, both the numerical aperture and the entrance face are over- 
filled with a uniform intensity distribution. A cladding-mode stripper is there- 
fore also required. Measurements may be made in either the time domain or 
the frequency domain. 

In frequency-domain measurements, the source intensity is modulated at 
a given frequency. The signal is detected at the source and at the far end of 
the fiber. The ratio of the two measurements is taken; such ratios taken at 
a large number of frequencies, when plotted against frequency, make up the 
frequency-response curve of the fiber. Generally, the curve is normalized so 
that the low-frequency values are set equal to 1. The bandwidth of the fiber 
is generally defined as the lowest frequency at which the frequency response 
falls to one-half the low-frequency value or, in electrical-engineering parlance, 
at which it falls by 3dB. 

Time-domain measurements are performed by transmitting a pulse along 
the fiber. The frequency response may be calculated by using Fourier- 
transform methods. Approximate measurements may be made by measur- 
ing the duration of the input and output pulses; this is usually defined as 
the time the pulse takes to rise from half its maximum value, pass through 
the maximum, and fall to half the maximum value — the full duration at 
half-maximum of the pulse. 

If the input and output pulses are roughly Gaussian functions of time, the 
broadening A7 due to propagation along the fiber may be estimated from 
the equation 


Ar? = Ar? + Ar? , (11.18) 
where A7; is the duration of the input pulse and Ar, is the duration of the 


output pulse. The bandwidth of the fiber is roughly 1/Ar. 
11.3.5 Coherence Length of the Source 


The detectors in optical-communication systems are power detectors; they are 
sensitive to intensity, rather than electric-field strength. As a result, we are, 
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in effect, modulating and detecting intensity rather than electric field. Thus, 
for measurements to be meaningful, we require the fibers to be linear with 
respect to intensity, rather than electric field. That way, when the intensity of 
the source is modulated in a given fashion, the output of the detector will be 
proportional to the output of the source (except for distortion and decreased 
bandwidth). 

What are the conditions that make the fiber a system that is linear in in- 
tensity? The coherence length of the source must be sufficiently short that we 
are at all times adding intensities and not fields. Suppose that the bandwidth 
of the source is Av. Then the coherence length is approximately c/(n,Av), 
where c/n, is the velocity of light in the fiber core. 

Suppose that the source is modulated at frequency fm. This is the highest 
electrical frequency in which we will be interested. The shortest time interval 
over which we will, in effect, make a measurement is 1/ fm. Since the signal 
travels with the velocity c/n;, this time corresponds to a distance c/(n fm). 
If this distance is greater than the coherence length of the source, the mea- 
surement is incoherent. This leads immediately to the relation that 


fm € Av ; (11.19) 


the modulation frequency of the signa] must always be Jess than the band- 
width of the source. (If the signal consists of a series of pulses, then fm is 
approximately the reciprocal of the pulse duration.) If this condition is not 
satisfied, interference among modes will become important, and the detector 
output will not be a faithful representation of the source output. The fiber 
cannot, in this case, be regarded as a linear system. 


11.4 Optical Time-Domain Reflectometry 


This technique, also known as backscatter, consists of launching a short pulse 
into a long fiber and detecting whatever power is scattered in the reverse 
direction, trapped by the fiber, and returned to the vicinity of the source. 
The backscattered power may be detected in any of several ways; Fig. 11.6 
shows a particularly effective system, which uses a polarizing beam splitter 
to discriminate against the reflection from the entrance face of the fiber. 


Polarizing 


Fig. 11.6. Optical time- 
domain reflectometer 
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In this system, a laser diode is excited with a short current pulse. The 
emission from the laser is passed through a short piece of step-index fiber, 
in part to ensure a uniform, unpolarized source. The emerging beam is colli- 
mated, passed through a beam splitter, and focused into the fiber. 

A mandrel-wrap mode filter is used to simulate the equilibrium mode 
distribution. It is especially important to mode-filter the backscattered light. 
This is so because the backscattered light overfills the numerical aperture 
of the fiber. If there is mode coupling, light scattered far down the fiber 
approaches the equilibrium mode distribution as it returns toward the source. 
This effect can cause spurious results. 

Finally, if the beam splitter is the type that reflects one polarization and 
transmits the other, it will help to discriminate against the comparatively 
large Fresnel reflection by the input face of the fiber. (The index-matching 
oil at the other end reduces reflection there to a small value.) The scattered 
light becomes unpolarized after traversing a short length of fiber, so the beam 
splitter directs half this light to the detector. 

Optical time-domain reflectometry, or OTDR, is especially useful when 
only one end of a fiber is accessible, as may be the case when diagnostics are 
necessary on an installed system. 

Suppose that a pulse is injected into a fiber. At the distance z along the 
fiber axis, the power is reduced to exp(—az), where o is the attenuation 
coefficient of the fiber. Some of the power scattered by the fiber in the region 
around z is trapped by the fiber and returned to the source. That light has 
traveled a total distance of 2z and is therefore attenuated by exp(—2az) if 
the mode distributions in both directions are nearly the same. 

If we measure the power returned from the distance z and from a point 
near the source, we may calculate the attenuation coefficient from the relation 
that 


P(z)/P(0) = e720? , (11.20) 


where P(z) is the energy of the pulse scattered from the region around z and 
P(0) is the energy of the pulse scattered from the region near 0. If we take 
logarithms, we find that 


log, [P(z)/ P(0)| = -2az , (11.21) 
or, in engineering units, 
a'z = —5log;o[P(z)/ P(0)] , (11.22) 


where a'z is the loss of the fiber in decibels. The factor 5 appears (instead of 
the usual 10) because the measurement involves propagation in both direc- 
tions. 

Figure 11.7 shows a semilogarithmic plot of backscattered power as a 
function of time; time here means time after the emission of the pulse by 
the laser. The upper curve was taken without the mandrel-wrap mode filter; 
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Fig. 11.7. Backscattered 
power as a function of time 
for two different launch- 
ing conditions. [After B. L. 
Danielson, NBS Technical 
Note 1065] 
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near the source the curve is not linear but approaches linearity after about 
3 us. The lower curve was taken with a mode filter and shows good linearity. 

The glitch near t = 5 us is the result of a fusion splice; its effect seems to be 
exaggerated in the upper curve. The other glitches are the result of unknown 
defects in the fiber. This illustrates the usefulness of OTDR: it may be used 
to locate faults or splices as well as to determine the approximate attenuation 
coefficient of the fiber. If we measure the round-trip transit time At of the 
signal returned from an imperfection, we may determine the location of the 
imperfection as 


z = cAt/2n, , (11.23) 


where c/n, is approximately the group velocity in the fiber. Such distance 
measurements are accurate to about c/n; multiplied by the pulse duration, 
which usually comes to several tens of centimeters. 


11.5 Index Profile 


Sometimes, it is necessary to measure the index profile of a fiber, not just the 
value of An. Generally, the measurement takes the form of a plot of index of 
refraction as a function of position along a diameter of the fiber. At least a 
half-dozen methods have been developed for carrying out this measurement; 
most of these require automatic data acquisition and sophisticated computer 
analysis, and will only be mentioned here. 

Techniques for measuring the index profile may conveniently be classified 
into two groups: transverse methods, in which the fiber is illuminated in a 
direction perpendicular to its axis, and longitudinal methods, in which the 
fiber is examined at a cleaved or otherwise prepared end. 

lransverse methods have several advantages over longitudinal methods. 
Because we do not need access to an end of the fiber, transverse methods 
are inherently nondestructive. They may be performed very nearly in real 
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time, for example, to monitor the fiber's properties as it is being manufac- 
tured. Longitudinal methods, on the other hand, require the fiber to be cut 
and an end to be prepared. They are therefore destructive and somewhat 
time consuming. However, certain longitudinal methods are precise and easy 
to implement and are therefore often the methods of choice when absolute 
measurements are necessary. 


11.5.1 Transverse Methods 


There are primarily two kinds of transverse methods: interferometry and 
diffraction or scattering. In the first case, the fiber is placed in a cell filled 
with a fluid whose index of refraction is very nearly equal to that of the 
cladding of the fiber. The windows of the cell are plane and parallel. The cell 
is located in one arm of an interferometer or interference microscope, and the 
intensity of the resulting fringe pattern is measured. 

Figure 11.8 shows the path of a ray through a graded-index fiber. The 
path is curved because the index of refraction is not constant throughout the 
core. Even if the curvature can be ignored, the phase shift ¢ of the ray must 
be calculated from the expression 


o= k [nts (11.24) 


where s is the path shown in the figure. Inferring ¢ from the fringe pattern 
and inverting this equation to calculate the index profile n(r) requires a 
complicated procedure that will not be discussed here. 

Other transverse methods use examination of the scattering or diffraction 
pattern created when the fiber (also index matched) is illuminated with a laser 
beam perpendicular to its axis. When measuring the far-field pattern, we refer 
to transverse scattering. A related method is called transverse backscattrering 
because the beam that is reflected backward, toward the source, is examined. 
Another related method, called the focusing method, measures the near-field 
diffraction pattern and is most useful for evaluating preforms, the rods from 
which the fibers are manufactured. 


a N 


Fig. 11.8. Ray path through a transverse 
cross section of a graded-index fiber 
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All the transverse methods require a scan of a diffraction or interference 
pattern, and all require inverting an integral to evaluate the index profile. 
As a practical matter, they therefore require automatic data acquisition and 
computer processing. In addition, most of the calculations assume that the 
fiber core has radial symmetry; this assumption may or may not be appro- 
priate. The overall accuracy of these methods is perhaps 10 96. 


11.5.2 Longitudinal Methods 


Longitudinal methods illuminate the fiber or a specially prepared specimen 
in the direction parallel to the axis. One of the earliest of these methods 
was slab interference microscopy. Here, a thin slice of fiber is placed in an 
interferometer or interference microscope. The core-cladding index difference 
may be determined by a direct examination of the interferogram. The optical- 
path difference between the ray that passes through the core center and those 
that pass through the cladding is simply Ant, where t is the thickness of the 
specimen. If the interferometer is the type where the ray passes through the 
specimen one time, each interference fringe corresponds to one wavelength 
of optical path difference. If t is known accurately enough, the interference 
pattern may be digitized and used to calculate the complete index profile 
An(r). 

One of the difficulties with the transverse-interference method is that 
the specimen must be thin enough that the rays travel through it without 
appreciable bending owing to the graded-index profile. This usually means 
that the specimen must be no more than a few tens of micrometers thick. 
In addition, it is difficult to determine what errors arise from polishing the 
specimen: polishing may change the surface composition of the material, and 
the surface may deviate from flatness as a result of variation of polishing rate 
with glass composition (which varies as the index of refraction varies). 

Another early method was a direct measurement of the reflectance of the 
end face of the fiber. This method is direct and precise and has high spatial 
resolution; it is somewhat difficult because the changes of reflectance are 
small and highly stable sources and detectors are required. In addition, it is 
possibly susceptible to error due to contamination of the surface by a layer 
with different index of refraction from the bulk. 


11.5.3 Near-Field Scanning 


This is one of two important methods that depend on the local numerical 
aperture, given by (10.34). Because the numerical aperturc of the fiber varies 
with radius, so does the light-gathering capability. According to (10.3) and 
the discussion immediately following, the collection efficiency of a step-index 
fiber is proportional to the square of the numerical aperture when the source 
is Lambertian. By precisely similar reasoning, we conclude that the local 
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collection efficiency of a graded-index fiber is given by the square of the local 
numerical aperture; this observation provides us with a method for measuring 
the index profile. 

The input face of a fiber is fully illuminated by a Lambertian source with 
condensing optics whose numerical aperture exceeds the maximum numerical 
aperture of the fiber. If the fiber is held straight and is less than a meter or so 
long, mode coupling will be negligible. The radiation pattern at the output 
end of the fiber will exactly match the acceptance pattern determined by the 
local numerical aperture. Therefore, the output power as a function of posi- 
tion is precisely proportional to the square of the local numerical aperture, 
or to [n?(r) — n2]. Because n(r) is very close to n2, we may approximate this 
square with the expression, 


NA? = 2n2An(r) ; (11.25) 
therefore, the output power distribution very closely approximates the index 
profile of the fiber. 


The index profile is measured by magnifying the output face of the fiber 
with a microscope objective that has a higher numerical aperture than the 
fiber. A detector is scanned across the magnified image and the photocurrent 
acquired with a computer or a pen recorder. 

The data obtained in this way would be a precise representation of the in- 
dex profile of the fiber, but for the presence of leaky rays. The fiber will accept 
leaky rays, which will cause the relative intensity at any radius other than 0 
to be greater than the expected value. In measurements on step-index fibers, 
this is a serious problem that can sometimes be corrected analytically. The 
leaky-ray problem is not so severe with graded-index fibers and, in addition, 
most researchers believe that leaky rays are eliminated as a result of slight 
but inevitable core ellipticity. Consequently, near-field scanning has proven 
to be a useful tool for measuring index profiles. Unfortunately, this method 
yields only a relative index profile; the system cannot readily be calibrated 
to yield absolute values of the index of refraction. 

One disadvantage of near-field scanning is that it cannot be used to deter- 
mine the profile of a single-mode fiber. This is so because the fiber has a very 
low numerical aperture. In a sense, when we perform a near-field scan on a 
single-mode fiber, we are viewing the entrance face through the fiber itself, 
and the numerical aperture is so low that we cannot resolve the structure of 
the entrance face. The radiation pattern at the output face is characteristic 
of the mode of the fiber, not of the local numerical aperture. A near-field 
scan may be a useful measurement for determining the distribution of light 
in the fiber, but it will not give information about the index profile. 


11.5.4 Refracted-Ray Method 


With this method, which is also called refracted near-field scanning, we il- 
luminate the fiber with a focused beam whose numerical aperture is two or 
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Fig. 11.9. Refracted-ray method of 
measuring fiber index profile 


three times that of the fiber; we examine not the rays that are trapped by 
the fiber but, rather, those that are not. The refracted-ray method yields 
absolute index-of-refraction measurements and resolution equal to that of or- 
dinary microscopy. In addition, it usually eliminates entirely the effects of 
leaky rays. 

The principle of the method is shown in Fig. 11.9, which shows a bare 
fiber in a fluid-filled cell. A ray enters the cell at angle 6 and impinges on the 
face of the fiber at angle 0, which greatly exceeds the acceptance angle of 
the fiber. That ray eventually emerges from the cell at angle 0' to the rear 
face of the cell. We want to trace the ray through the fiber and determine 
0' as a function of 6, the index of refraction n of the fiber, and the index of 
refraction ni, of the oil. 

We begin by applying Snell’s law at the point where the ray hits the fiber 
end, 


ny sind, = nsing, . (11.26) 


If the fiber end is accurately perpendicular to the axis, 0? is complementary 
to 01; squaring the equation we find that 


n? sin? 6 = n?(1 — sin? 62) . (11.27) 


Applying Snell's law to the angles 6? and 65 perpendicular to the cell's faces, 
we find that 


n? — n? = n? (sin? 0 — sin? 03) , (11.28) 
or, in terms of the angles of incidence and refraction from the air to the cell, 
n? — n? = sin? 0 — sin? 6’ . (11.29) 


If the index of refraction of the liquid closely enough matches that of the 
fiber, we may approximate n? — n2 and write 


2n, (n — ny) = sin?0 — sin? 9' . (11.30) 
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If 8 is the angle of incidence of the most-oblique ray that enters the cell, 
n — n; is a linear function of sin? 6’, where 6’ is the angle of emergence of 
that ray. We must now show that the power transmitted by the fiber is also 
a linear function of sin? 6’ because, if that is so, n — nz will also be a linear 
function of power. 

We place an opaque stop behind the cell. The stop is centered about the 
axis of the fiber and subtends angle 0, as seen from the face of the fiber; 
0, greatly exceeds the acceptance angle of the fiber, so most leaky rays will 
be intercepted by the stop. If the source is Lambertian, the power radiated 
into a cone is, according to (4.17), proportional to the square of the sine of 
the cone's vertex angle. Therefore, the relative power transmitted around the 
opaque stop is proportional to sin? 6’ — sin? @,. In short, provided that the 
stop is in place, the power transmitted beyond the stop is indeed a linear 
function of n — nL. 

This result may be generalized to a graded-index fiber by applying Snell's 
law in its general form (10.23). Therefore, the index profile of a fiber may be 
measured by measuring the transmitted power as a function of radius. The 
experiment is unfortunately not as easy as near-field scanning, but it can yield 
results that cannot be determined from near-field scanning. In addition, the 
opaque stop may be made large enough to eliminate almost completely the 
effects of leaky rays in graded-index fibers. 

Index profiles determined by refracted-ray scans may be made absolute by 
calibrating the system in one of several ways. Probably the simplest is to use 
a vitreous-silica fiber, whose index of refraction is known very precisely. If the 
index of refraction of the fluid is known, measurements of the corresponding 
transmitted powers may be used to relate power to index of refraction. The 
system may also be shown to be linear by using several known fluids instead 
of just one. 

The spatial resolution limit of a refracted-ray scanner is about equal to 
that of the microscope objective used to focus the laser beam onto the fiber 
end, provided that the opaque stop is not too large. The same is not the case 
with near-field scans. In that case, as we noted above, we are in effect viewing 
the end of the fiber through the fiber itself. At any radius, the resolution limit 
is determined by the local numerical aperture at that radius and becomes very 
large as the measurement approaches the core-cladding boundary. 

The refracted-ray method is one of the only techniques that can be used 
to measure the profiles of single-mode fibers, because it has a sufficiently 
high resolution limit and high enough precision to measure the small index 
differences characteristic of single-mode fibers. 

Figure 11.10 shows a typical refracted-ray scan of a graded-index fiber. 
The dip at the center of the core is common to many such fibers and is an 
artifact of their manufacture. This fiber also exhibits a nonuniform cladding 
and a narrow low-index layer surrounding the core. 
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Fig. 11.10. Index profile of a graded- Fig. 11.11. Index profile of the fiber 
index fiber by the refracted-ray method of Fig.11.10 by near-field scanning. 
(Courtesy of E. M. Kim] 


11.5.5 Core-Diameter Measurements 


Closely related to index-profile measurements, core-diameter measurements 
are probably most important to manufacturers of fiber-to-fiber connectors 
and other connecting devices. Core diameter must also be known, at least 
approximately, for measurements that require a beam-optics launch. 

Core diameter is usually measured by performing some kind of index- 
profile measurement, especially the near-field scan and refracted-ray method. 
The problem is how to define core diameter when the measurement might 
suffer from the presence of leaky rays or other defects. In particular, near- 
field scans of graded-index fibers almost always exhibit a substantial loss of 
resolution near the core-cladding boundary; this happens because the local 
numerical aperture approaches 0 as r approaches a. 

Figure 11.11 is a near-field scan of the fiber of Fig. 11.10; the horizontal 
scales are about the same. The measured index profile is badly rounded near 
the boundary, where the true profile is somewhat sharp. To eliminate this ef- 
fect, the core diameter is estimated either by extrapolating the better-resolved 
portions of the curve to the base line, or by defining the core diameter as the 
width of the scan between the points at which the index of refraction is 2.5 % 
of the peak value An. These approaches usually give good agreement as well 
as results that are accurate enough to be practical. 

The problem is somewhat different with single-mode fibers, where the 
radiation pattern greatly differs from the index profile. In that case, the 
engineer must distinguish between the core diameter and the beam radius 
(Sect. 11.7) of the radiation pattern. For connector problems, beam radius is 
the important parameter, and core diameter is largely irrelevant. Therefore, 
a near-field scan will give meaningful results, whereas a refracted-ray scan 
will not. 


312 11. Optical-Fiber Measurements 


11.6 Numerical Aperture of Multimode Fibers 


Numerical-aperture measurements are needed for several reasons. The col- 
lection efficiency of a multimode fiber connected to a source such as a light- 
emitting diode depends on the numerical aperture (Sect. 10.1). Coupling be- 
tween two fibers usually depends on their having the same numerical aper- 
tures; sensitivity of a connection to angular misalignment also depends on 
the numerical apertures of the fibers. In addition, the numerical aperture 
must be known for certain measurements, such as attenuation, that require 
standardized launch conditions. Whether the launch uses the beam-optics 
method or some kind of mode filter, the numerical aperture of the fiber must 
be measured precisely. 

A measurement of the numerical aperture of a fiber is in reality a mea- 
surement of the far-field radiation pattern of the fiber. A detector is scanned 
in an arc at whose center is located the exit face of the fiber. To ensure that 
the dimension of the exit face of the fiber has no role in the measurement, the 
detector must be located at least several times the distance a?/ from the 
fiber end; that is, the detector must be located in the far field (Sect. 5.5.4) of 
the fiber’s exit face. Otherwise, the measurement may depend on the radius 
of the arc. This may be tested by making several scans with different radii 
and comparing the shapes (but not the intensities) of the resulting curves. 

The diameter of the detector is important; it must be small enough to 
permit undistorted recording of the radiation pattern, but not so small that 
the photocurrent is unmanageably small. We may derive a rule of thumb by 
noting that the finest detail in the radiation pattern is determined by the 
largest dimension of the fiber, that is, the radius. The radiation pattern can 
have no angular detail finer than about A/a; the detector must subtend less 
than half this value to ensure sufficient resolution. This condition may also 
be tested by making several scans with different detector apertures. 

For attenuation measurements, a fiber’s numerical aperture must be mea- 
sured with the beam-optics launch or with an equilibrium mode simulator 
that has been properly qualified. Measurements related to connectors may 
require one of these standard launch conditions, depending on the applica- 
tion. For example, connecting a short-haul fiber to an LED may suggest a 
measurement of the radiation numerical aperture with overfilled launch con- 
ditions if that appears to simulate the use of the fiber better. 


11.7 Mode-Field Diameter 


In Sect. 10.4.2, we idealized a single-mode fiber and described its radiation 
mode as a Gaussian beam whose beam radius was w. In reality, the mode 
of most fibers only approximates a Gaussian beam, and connector losses and 
other parameters cannot be estimated accurately if w is defined as the radius 
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Detector Fig. 11.12. Schematic of an apparatus for 

performing a far-field scan of a fiber. The 

\ fiber is excited by a single-mode laser (not 
Pinhole shown) at the appropriate wavelength 


at which the intensity falls to 1/e? times the intensity at the center of the 
pattern. 

Thus, instead of the 1/e? radius, we define a mode-field diameter according 
to the Petermann definition. The Petermann definition was originally derived 
for calculating the bending loss in a fiber, but it is also useful for calculating 
the mode-field diameter. 

By mode-field diameter, we mean the diameter of the beam inside the 
fiber or just at the output of a cleaved end. These are not precisely the same, 
but nearly enough so. The Petermann definition is a ratio of two integrals 
of the electric field amplitude in the exit face of the fiber. The mode-field 
diameter may be measured by using a microscope to project a magnified 
image of the fiber end and then scanning that end either point by point or 
with a video camera and a frame digitizer, that is, by means of an exit-face 
scan. The dynamic range of a video microscope is, however, insufficient to 
give accurate results, so accurate measurements must be made by scanning 
point by point across a diameter of the image. In either case, the mode-field 
diameter is calculated from the Petermann definition. Such measurements 
are difficult, because positioning with accuracy less than 0.1 um is required 
and because vibration causes noise in the output of the detector. 

Instead, the mode-field diameter is most often calculated from far-field 
data. Figure 11.12 shows the experimental arrangement. Specifically, Fourier 
transform optics is used to express the Petermann definition as the ratio of 
integrals in the far field, rather than the near field, of the fiber: 


x (11.31) 


EP! [Arsen] 
f I(8) sin? 8 cos 6d6 


where 7(0) is the intensity measured as a function of angle 6 in the far field 
of the fiber end and wp is the mode-field radius according to the Petermann 
definition. The limits of integration are in principle 0 and 1/2. In practice, 
the scan is taken on both sides of the maximum in order to compensate for 
error in locating the center of the pattern, and a scan from —20° to 20° 
often suffices. wp reduces to the usual Gaussian beam radius wo when the 
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Fig. 11.13. Far-field scans of a step-index fiber and a dispersion-compensating 
fiber compared with a Gaussian function. After M. Young, Appl. Opt. 37, 5605- 
5619 (1998). Data courtesy of Silvia Mioc 


beam is truly Gaussian. Coupling losses (Sect. 10.4.2) may be estimated by 
substituting wp in place of w in the appropriate formulas. 

Figure 11.13 shows the intensity of two fibers as a function of angle at 
the telecommunication wavelength of 1.31 um. The intensity is plotted on 
a logarithmic scale; the graph covers almost nine orders of magnitude. One 
fiber is a step-index fiber used in long-distance telecommunications. Its far- 
field pattern shows a sidelobe beyond 26?. This sidelobe corresponds to the 
first secondary maximum in the diffraction pattern of a circular aperture; the 
cusps at 26° are zeros of the electric field. This pattern is unusually good: 
most fiber ends scatter enough light to veil the pattern below six or seven 
orders of magnitude less than the maximum. 

The other fiber is a dispersion-compensating fiber, that is, a fiber that is es- 
pecially designed to display dispersion that is high but opposite in sign to the 
dispersion of common fibers. A short section of such a fiber is added to a long 
fiber link to partly compensate for the dispersion of the longer fiber and in- 
crease its information-carrying capacity. Dispersion-compensating fibers have 
small cores and, as a result of diffraction, wide far-field scans. Calculating the 
mode-field diameter of the dispersion-compensating fiber accurately requires 
scanning from approximately —40? to 40?, because there is still relatively 
high power at the higher angles. 

Figure 11.13 also shows a dashed Gaussian curve 


I(0) = Io exp[—2(sin 0/ sin 69)?], (11.32) 


which represents the far-field intensity of a Gaussian beam (8.44) when the 
angles are finite (that is, nonparaxial). The maximum intensity Ip and the 
angular radius 09 = A/mwp have been chosen to match those values of the 
step-index fiber. The fit is only fair out to a few degrees, and then the fiber 
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displays substantially more intensity than predicted by the Gaussian function. 
A Gaussian function yields a much poorer approximation to the dispersion- 
compensating fiber. 

Mode-field diameter may also be measured by integrating (11.31) over 
angle and collecting the light in the far field with a series of concentric aper- 
tures; this method is called the variable-aperture far-field method. A lens 
or a mirror may be used to collect the light that is transmitted past each 
aperture and concentrate it on a detector. The apertures must be concentric 
about the center of the far-field intensity pattern, and the numerical aperture 
of the collecting lens must be adequate. If the specimen is a step-index fiber, 
“adequate” means an angle of 20° or so, or a numerical aperture of approxi- 
mately 0.35. By contrast, if the specimen is a dispersion-compensating fiber, 
the maximum angle may have to be over 40°, or the numerical aperture over 
0.65. This is a fairly high numerical aperture for a simple collecting lens, so 
a concave, nearly hemispherical mirror may be required. 

Finally, mode-field radius may not be the most meaningful parameter 
when we consider nonlinearity, such as stimulated Raman scattering, in a 
fiber. Nonlinearity can set the upper limit on transmitted power and there- 
fore on the distance between repeaters in a communication system. For cal- 
culations of nonlinearity in a fiber, we define another parameter called the 
effective area. To increase the distance between repeaters, special fibers are 
designed to display large effective areas. The effective area is calculated from 
the near-field intensity pattern I(r), which may be found from an exit-face 
scan or calculated from a far-field scan. The result typically differs from mw} 
by 5 or 10%; such a small difference will not concern us further. 


Problems 


11.1 Sketch an optical system that will image the filament of a tungsten lamp 
onto a fiber, as in Fig. 11.2. The fiber must be illuminated uniformly with a 
sharp, circular spot with a diameter of 35 um, and the numerical aperture of 
the optical system should be 0.14. The tungsten lamp’s filament is flat and 
has dimensions 1.5cm by 1.5 mm; its temperature is uniform over 90 % of its 
width. The lamp has a 2-cm diameter envelope. 

Lay out the system with thin lenses but do not forget to specify the 
general class of lens used to image the beam onto the fiber. Assume that the 
tolerances on numerical aperture and spot radius are 4-5 96. 


11.2 (a) The radiant emittance M) of the lamp in Problem 11.1 is about 10 
W-cm^?-.um^! when A = 0.85 um. The light is filtered with a bandpass filter 
with AA = 10nm. How much power is coupled into the fiber? 

(b) The light is mechanically chopped with frequency f — 100 Hz. A 
detector claims NEP = 10^! W when the bandwidth is 1 Hz. An electronic 
circuit with a bandwidth of 10 Hz amplifies the output of the detector. (i) 
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What is the NEP of the system? (ii) The poorest fiber to be tested has a loss 
of 20 dB, or a transmittance of 0.01. Will the detector be adequate? 


11.3 A cladding mode is excited in an optical fiber whose cladding diameter 
is 125 um. The fiber is immersed in a cladding-mode stripper. Assume as a 
wild guess that the reflectance at the surface of the cladding is 196. After 
what distance will the intensity of the cladding modes be reduced by a factor 
of 1079? What if the reflectance is 1096 (remember that the ray hits the 
surface at nearly glancing incidence)? 


11.4 A certain fiber has an attenuation of 1 dB/km at 0.85 um. A 1-mW 
laser is coupled to it with an efficiency of 30%. The fiber is 5 km long and is 
cemented with low loss to a detector for which NEP/V/Af = 1071? W/V/Hz. 
If the electrical bandwidth of the signal is 10 MHz, is the detector adequate? 


11.5 The index of refraction of vitreous silica can be described by a dispersion 
equation 


n(A) = 1.45084 — 0.003342? + 0.00292/? . (11.33) 


Assume that the dispersion of a single-mode fiber is adequately described by 
(11.33), even though the core is doped with impurities. Consider a single- 
mode fiber that is 3km long and is coupled to a light-emitting diode whose 
wavelength is 1.3 um and whose linewidth is 100 nm. Calculate the variation 
of group delay that results from (a) material dispersion and (b) waveguide 
dispersion. 


11.6 The cladding of a certain graded-index fiber may be described by 
(11.33). Suppose that the core is doped with impurities so that 


Ano(A) = 0.01202 + 0.000032? + 0.00028/A? , (11.34) 


where the subscript 0 means the value of An at the center of the core. Cal- 
culate the optimum value of g at 0.85, 1.3, and 1.55 um. 


11.7 A typical light-emitting diode that operates at 1.3m may have a 
linewidth of 100 nm. Calculate the electrical bandwidth that corresponds to 
this linewidth. How many video channels could we transmit with this diode? 
Ignore the properties of the detector and assume that the channels are 10 
MHz apart. How many audio channels separated by 10 kHz could we trans- 
mit? 


11.8 At the wavelength of 0.85 um, the scattering loss of a certain single- 
mode fiber is 1 dB/km, and the absorption loss is the same. Assume, for 
convenience, that the scattered radiation is Lambertian. (a) If the numerical 
aperture of the fiber is 0.1, roughly what fraction of the light scattered from 
any point is guided back toward the source? 

(b) An optical time-domain reflectometer uses a polarizing beam splitter, 
as in Fig. 11.6. What fraction of the power incident on the fiber returns to 
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the detector from a point 5km distant? (Hint: Don't forget the absorption 
loss.] 

(c) The duration of the pulses is 10 ns, and the peak power is 1 mW. 
What is the power scattered back to the detector from a point 5 km from 
the detector? What value of NEP//Af will be required of the detector? 
Assume that the electrical bandwidth is the reciprocal of the pulse duration 
(and that we want to resolve times of the order of 10 ns). 


11.9 We want to determine the index profile of a waveguide by measuring 
the difference of Fresnel reflection between the core and the cladding. If the 
waveguide has a numerical aperture of 0.1 and its cladding index is 1.457, 
what is the ratio of the maximum reflectance to that from the cladding? What 
if we immerse the fiber in a fluid whose index of refraction is 1.48? Describe 
what might happen if the immersion fluid displayed an index of refraction 
between those of the core and the cladding. 


11.10 Suppose that we put a screen 10cm behind the cell of Fig. 11.9. The 
numerical aperture of the incident beam is 0.5, and the index of refraction of 
the fluid in the cell is 1.464. (a) What is the radius of the illuminated spot on 
the screen when the beam passes through the fluid but not the fiber? Ignore 
the thickness of the cell. 

The index of refraction of the cladding of the fiber is 1.457, and that of 
the core is 1.470. What is the radius of the spot when the beam is incident 
on (b) the cladding, (c) the core? 

The optimum opaque stop subtends an angle given by the numerical aper- 

ture of the microscope objective divided by /2. (d) Assuming that the stop 
is 10cm from the cell, calculate its radius. Is it smaller than the radius cal- 
culated in (c) ? 
11.11 We want to measure the numerical aperture of a multimode fiber 
that has a 62.5 um (diameter) core. The fiber is designed for 0.85 um. We 
have available an instrument that scans a detector in an arc 5cm in radius. 
The detector is 5 mm in diameter. Will the instrument suffice? If not, what 
modifications are necessary? 


12. Integrated Optics 


In the semiconductor industry, an electronic integrated circuit is one that is 
manufactured entirely on a wafer or chip of silicon or some other semiconduc- 
tor. An optical device that is manufactured on a flat substrate and performs 
functions similar to electronic circuits is called by analogy an optical inte- 
grated circuit. Devices such as Fourier-transform optical processors can also 
be manufactured on flat substrates. To distinguish such devices from optical 
integrated circuits, we shall call them planar optical devices. Both planar op- 
tical devices and optical integrated circuits fall into the general classification 
of integrated optics. 


12.1 Optical Integrated Circuits 


These are generally expected to play a major role in optical communications. 
The ideal is to build complete transmitters, repeaters, and receivers on single 
substrates and connect them directly to single-mode optical fibers. In a re- 
peater, for example, such integration will eliminate the need to convert from 
an optical signal to an electronic signal and then back to optical. 

Devices that are manufactured on a single chip or substrate are known 
as monolithic devices. Monolithic optical circuits are usually made on a sub- 
strate of gallium arsenide; the devices manufactured on the substrate are 
various concoctions of gallium, aluminum, arsenic, phosphorus, and other 
dopants, depending on the wavelength at which the device operates. For ex- 
ample, lasers that operate at 0.85 um are made of an alloy of gallium arsenide 
and aluminum arsenide, or GaAlAs. Pure gallium arsenide has a band gap 
(Sect. 4.2.4) that corresponds to the wavelength of 0.91 um, and aluminum 
arsenide, to 0.65 um. If the concentrations of gallium arsenide and aluminum 
arsenide are chosen properly, the alloy can in principle be made to emit light 
at any wavelength in between. 

Gallium and arsenic are located in the third and fifth columns of the 
periodic table; compounds made of elements found in these columns are called 
III-V compounds. Many such compounds can be combined and deposited 
on a substrate of gallium arsenide. For example, a laser made of gallium 
indium arsenide phosphide, or GalnAsP, can be tailored to the wavelength 
of 1.31 um, which is of considerable importance in optical communications. 
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Unlike silicon, gallium arsenide and its relatives can be made to emit 
light or exhibit optical gain. Devices made of these compounds are therefore 
called active devices. The III-V compounds are the leading candidates for 
the manufacture of monolithic devices because both lasers and detectors, as 
well as other devices, can in principle be manufactured on a single substrate. 

Circuits that are not monolithic are called hybrid. These are usually ma- 
nufactured on substrates of glass, silicon, lithium niobate, and, sometimes, 
polymers. Lithium niobate may be used as a substrate because of its high 
electro-optic coefficient (Sect. 9.4), and silicon because of its usefulness as a 
detector, for example. Glass and acrylic plastic (polymethyl methacrylate or 
PMMA) are cheap and plentiful, and lasers can be manufactured in certain 
glasses such as glass doped with neodymium. In general, however, monolithic 
devices cannot be manufactured on these materials, so, for example, a GaAlAs 
laser might have to be epoxied to the substrate rather than integrated onto 
the surface. 

Optical integrated circuits have several advantages over circuits manufac- 
tured from discrete electronic circuits. They display very fast operation, or, 
equivalently, very high electrical bandwidth. This is so not only because of the 
very high frequency of the light wave, but also because the components are 
smaller than electronic components and therefore display lower capacitance. 
Such low capacitance allows fast switching or high modulation frequency. In 
addition, also because of the size of the components, fairly low voltages can 
be used to create the high electric fields required to induce the electro-optic 
effect and other means to control the light in the waveguide. Similarly, a 
waveguide can confine light tightly over a considerable length, so nonlinear 
effects can be induced with comparatively low optical power. Because of the 
integration of a number of functions onto a single substrate, optical inte- 
grated circuits are stable and, once connected, free from alignment problems. 
Finally, integration offers the potential for mass production and low prices. 

Figure 12.1 is a sketch of a simplified transmitter and receiver integrated 
onto two separate substrates and connected by single-mode optical fibers. 
The transmitter consists, in this case, of two lasers that operate at two dif- 
ferent wavelengths. They are connected by means of directional couplers to 
a rectangular-strip waveguide, which is, in turn, connected to a single-mode 
fiber. Such a device is known as a wavelength division multiplerer, because it 
allows different communications channels to be transmitted along the same 
fiber, or multiplexed. That is, each channel is transmitted at a different wave- 
length from each other channel. In the highly stylized version of Fig. 12.1, the 
currents to the two lasers are modulated in order to impress the signals onto 
the light beams. 

The receiver, or demultiplezer, is also an optical integrated circuit. It con- 
sists, in this case, of another strip waveguide connected directly to the end of 
the fiber. Bragg reflectors are etched into this waveguide; each reflector selec- 
tively reflects one wavelength into a short waveguide connected to a detector. 
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Fig. 12.1. Integrated-optical transmitter and receiver 


The current from the detector may then be used directly or reprocessed and 
retransmitted into another single-mode fiber. Ideally, the reprocessing would 
be carried out on the same substrate as the detection. 

We will not discuss the system, manufacturing, or electronic aspects of 
optical integrated circuits but will concentrate on the unique optical parts 
that are now being developed for integrated optics. These include lasers, 
couplers, detectors, mirrors, and modulators. 


12.1.1 Channel or Strip Waveguides 


In Sect. 10.2, we tacitly assumed that the waves in the waveguide were un- 
confined in the directions parallel to the substrate; that is, we treated first 
the case of a slab waveguide. Optical integrated circuits, however, use channel 
or strip waveguides such as that shown in Fig. 12.2. Such waveguides confine 
the light to a narrow strip a few micrometers across and perhaps 1 or 2 um 
deep. 

The electric-field distribution in a channel waveguide is a function of both 
x and y, as opposed to a slab waveguide, where the modes are a function of one 
variable only. Often, however, we can assume that the modes are separable, 
that is, that the electric field may be expressed as a product of two functions, 
one purely a function of x and the other of y. When this is so, we have to 
consider pairs of equations like (10.5) and (10.6), and we have to use two 
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mode numbers m and m’ to describe each mode (see also Sect. 10.2.5). The 
mode of the waveguide is therefore approximately the product of the modes 
of two slab waveguides, one parallel to the substrate and one perpendicular. 
In most of what follows, we will assume that both m and m’ are 0, so the 
waveguide can support only a single, lowest-order mode. 

The waveguide shown in Fig. 12.2 is typical of a diffused waveguide such 
as might be manufactured by diffusing a narrow stripe of titanium into a 
lithium niobate substrate or a stripe of silver into a glass substrate at a high 
temperature. Similar waveguides may be made chemically by ton exchange in 
a solution or by ion implantation in a high vacuum. For example, the sodium 
ions in soda-lime glass (the stuff of which microscope slides are made) may 
be chemically exchanged for potassium ions to form a high-index layer or a 
channel waveguide. Sometimes a waveguide is covered with another layer, or, 
during the ion exchange, it may be drawn downward, into the substrate, by 
an electric field. Such a waveguide is called a buried waveguide. 


12.1.2 Ridge Waveguide 


Figure 12.3 shows a ridge waveguide. This is manufactured by depositing a 
narrow strip onto an existing slab waveguide. 

In Sect. 10.2 we found that the effective index of refraction of a ray inside 
a waveguide is n; cos@, where @ is the angle between the ray and the axis of 
the waveguide and n, is the index of refraction of the waveguide material. 
In reality, the ray represents a mode of the waveguide; therefore, the angle 
8 is determined by the conditions for constructive interference inside the 
waveguide. That angle changes if the thickness of the waveguide changes. To 
calculate the change of angle, we assume that any mode is far from cutoff, so 
® = 7/2, and rewrite (10.6) in the form 


(m+ 1)A = 2nidsin6 , (12.1) 


where m is the mode number of a particular mode and @ is again the com- 
plement of i. Let us assume that the waveguide thickness changes slightly by 
an amount Ad. We differentiate (12.1) to find that 


Fig. 12.3. Ridge waveguide, with a 
cylinder representing the mode in the 
————— ———— waveguide 
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AmA = 2ni Adsin@ + 2nid cos 0A0 . (12.2) 


We assume that the mode number m is unchanged by the change in d; this 
is plausible only if Ad is small and the waveguide is not too near the cutoff 
of the mode. In this case, Am — 0, and we find that 


Ad/d = —A0/tan0 =~ —A0/0 . (12.3) 
The corresponding change in ne may be found by differentiating (10.10), 

Ane = -nı sin0A6 . (12.4) 
Using (12.3) to relate A0 to Ad, we learn immediately that 

An,  [(m + 1)? /Anid?]Ad ; (12.5) 


that is, an increase of thickness increases the effective index of a waveguide. 

Because it increases the effective index of the underlying waveguide, a 
ridge such as that shown in Fig. 12.3 therefore behaves as a channel waveguide 
and confines a mode just as would an increase of the actual index of refraction 
of the material. If the ridge is not too thick, only a single mode will be 
excited, and it will be confined mostly to the underlying slab waveguide, not 
the ridge itself, as indicated by the cylinder in Fig. 12.3. The material of the 
ridge may be the same as that of the slab waveguide, as tacitly assumed in 
the derivation of (12.5), or it may be another material. The area on top of 
the ridge or adjacent to it may be filled with a lower-index material if it is 
necessary to integrate other devices on top of the ridge waveguide. 

Ridge waveguides are used mostly with III- V compounds or polymers. 
Substrates or layers of III-V compounds cannot easily be altered by diffu- 
sion or ion exchange, but ridge waveguides can be readily deposited onto 
appropriate substrates. 


12.1.3 Branches 


Figure 12.4 shows a branch in a waveguide. It consists of a single-mode wave- 
guide, a short tapered section, and two output waveguides. Even if the wave- 
guides are identical and the angle is very small, the loss at such a branch is 
significant. In Sect. 10.4.2, we calculated the loss between single-mode wave- 
guides that differed slightly in thickness, for example. The transmittance of 
such a joint depended on the overlap integral (10.53) of the two modes' elec- 
tric field distributions. In Fig. 12.4, because of the tapered section between 
the input and output waveguides, the mode that impinges on the output 
waveguides expands relatively losslessly until its width w has roughly dou- 
bled. Further, the mode in either of the two output waveguides is offset by 
roughly a distance w from the mode of the input waveguide. For these rea- 
sons, well under 50% of the input power is coupled into each of the output 
waveguides, and loss can amount to several decibels even for angles of 2? or 
less. At larger angles, coupling loss is increased still further because of the 
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Fig. 12.4. Electric-field distribu- 
tions at a branch 


angular misalignment (10.57). More efficient splitters can be made with di- 
rectional couplers (Sect. 12.1.5), but branches are still important for dividing 
a beam into many channels for telephony, for example. 

A star coupler (Sect. 10.4.3) with 2" output fibers can be made simply 
by cascading n branches in sequence. Alternatively, the tapered section in 
Fig. 12.4 can be allowed to expand until its width is much larger than the 
width of a single waveguide before it is made to branch into many waveguides. 
Such couplers are useful for connecting the output of one fiber into many 
fibers or detectors, for example. 


12.1.4 Distributed-Feedback Lasers 


Ordinary semiconductor lasers are made by cleaving the laser crystal to create 
two parallel faces that serve as the laser mirrors. The wavelength range of 
the laser can be adjusted by adjusting the relative concentrations of gallium 
and aluminum or arsenic and phosphorus. In general, however, these lasers 
oscillate in many spectral modes and are impossible to incorporate into a 
monolithic device. For communication, we want to devise a method for ma- 
nufacturing a laser that oscillates in a single mode, requires no cleaving, can 
be manufactured directly on the surface of a substrate, and connects directly 
to a waveguide on the surface of the substrate. 

One solution to this problem is the distributed-feedback laser. This is a 
waveguide laser in that the active material has the form of a waveguide on 
the surface of the substrate. Instead of locating a mirror at each end of a 
short waveguide, we etch a grating into the upper surface of the waveguide, as 
shown in Fig. 12.1. The grating spacing d is chosen so that the Bragg condition 
is satisfied only for reflection in the reverse direction. If the effective index of 
refraction of the waveguide is ne, this means that 2n.d = A. The condition 
holds for rays incident from either direction. Thus, there is feedback in both 
directions, but it is distributed along the entire length of the laser. Such a 
laser can be manufactured directly on the surface of the optical integrated 
circuit, with no need for cleaving the faces and connecting the laser to the 
chip. 
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The index of refraction of gallium arsenide is 3.6; ne is approximately 
the same. Therefore, the grating spacing d must be about 120nm for the 
wavelength of 850 nm. Because of the high index of refraction of the material, 
the grating must be etched into, rather than deposited onto, the upper surface 
of the waveguide. This is so because most of the materials that may be 
deposited onto the surface have substantially lower index of refraction than 
the gallium arsenide itself and do not cause sufficient perturbation of the 
waveguide mode. 


12.1.5 Couplers 


Couplers serve a variety of purposes. They may connect a laser beam to a 
waveguide, a waveguide to a detector, or a waveguide to another waveguide. 
The device shown in Fig. 12.1 uses several kinds of couplers. 

End couplers or butt couplers are those that require a polished or cleaved 
waveguide edge to couple power into or out of the waveguide. For these cou- 
plers to operate efficiently, the mode of the waveguide must be matched as 
closely as possible to the mode of a fiber or diode laser or to the beam radius 
of a focused Gaussian beam. The latter problem is similar to mode matching 
of optical cavities (Sect. 8.3.3). Unfortunately, lasers and optical fibers are ro- 
tationally symmetric, whereas integrated-optical waveguides are rectangular. 
There is nearly always a mismatch between the modes of the fiber and any 
single-mode devices to which it is coupled. In addition, butt coupling is not 
ideal because it requires a carefully prepared waveguide edge. Nevertheless, 
there are situations where butt coupling is required, and the effort must be 
made to optimize the mode matching. 

We have discussed prism and grating couplers in Chap. 10. Prism couplers 
are generally, but not necessarily, used with slab waveguides, in which the 
light is unconfined in the direction parallel to the surface. 

Another type of coupler is the tapered output coupler. This is shown in 
Fig. 12.5. It is most easily explained on the basis of ray optics. Because of the 
taper, rays that are reflected from the upper surface of the waveguide hit the 
lower surface with successively smaller angle of incidence. Eventually, the an- 
gle of incidence no longer exceeds the critical angle, and the ray escapes from 
the waveguide. The wave that escapes does not retain the mode structure 
that is characteristic of the waveguide, so the light cannot be coupled effi- 
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Fig. 12.5. Tapered output coupler 
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| —> Fig. 12.6. Directional couplers used 


as branches 


ciently to another guiding structure. Nevertheless, the tapered output coupler 
is sometimes useful, because of its simplicity, for coupling to a detector. 

Another type of coupler, but one that is not an input or output coupler, 
is the directional coupler. The directional coupler shown in the transmitter in 
Fig. 12.1 works in precisely the same way as the prism couplers discussed in 
Chap. 10 in that coupling is effected through the penetration of the evanes- 
cent wave into the adjacent waveguide. If the two waveguides are identical, 
mode matching is automatic. The main design problem then is to adjust the 
coupling length for the desired power transfer. The wave that is excited in 
the second waveguide propagates in a particular direction, to the right in the 
example shown. These directional couplers are very similar to those used in 
microwave electronics. Figure 12.6 shows two examples of directional couplers 
used as branches. 

The receiver section of Fig. 12.1 shows another kind of directional cou- 
pler, one based on Bragg reflection. These may be tuned for any wavelength 
and therefore used to discriminate among signal channels that have differ- 
ent wavelengths. In this example, they are designed by applying the Bragg 
condition with 0 = 45°; this shows immediately that the spacing d' of the 
coupling grating must be equal to 2d, where d is the grating spacing of the 
corresponding distributed feedback laser. 

The reflectance of a Bragg reflector is maximum at the design wavelength. 
The spectral width of the reflectance is determined by the number of reflecting 
beams, which is the number of grooves in the grating. Because the waveguide 
is apt to be no more than 10 um wide, the number of grooves must be less 
than, say, 50. Therefore, the finesse of the reflectance curve will be of the 
order of 50. This factor is defined precisely as the finesse of a Fabry-Perot 
interferometer and restricts the number of independent wavelengths that may 
be transmitted simultaneously through the fiber. The number of grooves may 
be increased if we design the Bragg reflector to reflect directly back into 
the waveguide and couple the reflected light out with a directional coupler. 
Devices based on this principle in conventional single-mode fibers are also 
available commercially. 
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12.1.6 Modulators and Switches 


At present, nearly all optical-communication systems function by modulating 
the intensity of the light beam that carries the signal. Although there are 
methods for modulating phase, polarization, or even optical frequency, these 
will not likely find widespread use in the very near future. Therefore, we 
restrict the discussion to intensity modulation. Certain of the modulation 
devices can also operate as switches, so we discuss them together. 

The most straightforward way to modulate the intensity of a light wave is 
to modulate the source — in this case, by modulating the current to the laser. 
However, this may not always be the best way, and researchers are examining 
methods that may require less power consumption or allow higher modulation 
frequencies (or, in digital-electronics terminology, higher bit rates). 

When the modulator is outside the laser, it is called an erternal mod- 
ulator. External modulators of intensity fall into two classes: electro-optic 
and acousto-optic. Bulk modulators have been discussed in Sect. 9.4; here we 
briefly describe their optical-waveguide counterparts. 

A rectangular or a slab waveguide may be modulated acousto-optically 
by exciting a surface acoustic wave (SAW wave) and allowing some or all of 
the light inside the waveguide to be diffracted by the acoustic wave. 

The acoustic wave is generated with the interdigitating transducer shown 
in Fig. 12.7. An electrical signal with the right frequency is applied to the 
conducting fingers of the transducer. Electrostriction causes the surface of 
the material to be alternately compressed and relaxed, thereby launching an 
acoustic wave in the direction perpendicular to the fingers. The wavelength 
of the acoustic wave is equal to the distance between adjacent fingers, and 
the frequency is determined by the velocity of sound in the medium. 

This device is a modulator in the sense that the power of the transmitted 
beam is lowered in proportion to the net diffracted power. However, it may 
also be set up as a beam deflector by making use of the diffracted beam 
instead of, or in addition to, the transmitted beam. Usually, when the device 
is operated as a beam deflector, the ultrasonic wave will be set up as a thick 
grating, in the sense that certain holograms are thick (Sects. 7.1, 9.4). Such 
a beam deflector may be used to switch nearly 100% of a beam from one 
waveguide to another. 
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Fig. 12.7. Acousto-optic output coupler 
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Fig. 12.8. Electro-optic switch 
between two waveguides 


Electrode 


The electro-optic effect may be used instead of the acousto-optic effect 
to modulate or deflect the beam within a waveguide. One method is to in- 
duce a grating into a waveguide by using a set of interdigitating electrodes 
to change the index of refraction within the waveguide. Since the index of 
refraction depends on electric-field strength, these interdigitating electrodes 
induce a stationary phase grating in the material. This grating may be used 
for modulation or deflection, as in the case of the acousto-optic modulator. 

Another electro-optic modulator or switch may be constructed by bringing 
two waveguides into near contact, as in the directional coupler. Metal elec- 
trodes are located between and on both sides of the waveguides, as shown 
in Fig. 12.8. Suppose that the waveguides are not identical, that is, that the 
phase-matching condition does not apply. Then virtually no power will be 
coupled from one waveguide to the other. To switch the beam, we apply 
voltages to the electrodes. The index of refraction is altered so that the 
phase-matching condition now applies, and the light is switched to the second 
waveguide. Such a system may be used as a switch or as a modulator. 

Figure 12.9 shows two Mach-Zehnder interferometers (Sect. 6.2.2) that 
use integrated optics, rather than bulk optics. In the upper drawing, the two 
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Fig. 12.9. Integrated Mach-Zehnder 
interferometers. Shaded areas are elec- 
trodes 
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branches take the place of the mirrors in the bulk interferometer, and the 
incident beam is split equally between the two arms. The waveguides are 
manufactured on a material, such as lithium niobate, that has a high electro- 
optic coefficient. The lower drawing shows the same interferometer, but. with 
directional couplers instead of branches. 

If the paths of the two arms are equal, all the incident light is transmitted 
through the interferometer. It is possible, however, to change the path in one 
of the arms by applying a voltage across the waveguide in that arm; the 
electrodes for doing so are shown shaded. The resulting electric field changes 
the index of refraction in one arm of the interferometer only. If the optical 
path in that arm is changed by exactly 4/2, the two beams that reach the 
output waveguide will be exactly out of phase and cancel each other. The 
transmittance of the interferometer is then 0. In fact, the transmittance can 
be set to any value between 0 and 1 by adjusting the voltage on the electrode. 
The Mach-Zehnder interferometer can therefore be used as either a switch 
or a modulator. 

The electrical bandwidth of such a modulator is determined, in part, by 
the transit time of the light past the electrode; the rise or fall time of the 
switch can be no less than that transit time. To decrease the rise or fall time, 
the electrode may be made part of a microwave transmission line. Then, the 
electrical signal travels along the optical waveguide at roughly the speed of 
the light in the waveguide, and the speed of the modulator is no longer limited 
by the transit time. Such a modulator is called a traveling-wave modulator. 

Thin-film modulators will probably find their greatest use in optical- 
communication systems, with bulk modulators usually reserved for other 
purposes; still, there will probably continue to be instances of bulk modu- 
lators also used in optical communications, and other instances of waveguide 
modulators used in other applications where low electrical power is required. 

Most of the devices so far constructed have been built on substrates of 
glass, vitreous silica, and lithium niobate or similar substances. If they are 
to be used in monolithic circuits, they will have to be perfected on gallium 
arsenide substrates as well. 


12.2 Planar Optical Devices 


Although the integrated-optical circuits we have just discussed are planar 
devices, we shall reserve the term planar optical devices for optical systems 
other than communication systems that are constructed of thin-film wave- 
guides on planar substrates. Often, these are planar-waveguide versions of 
ordinary optical devices such as interferometers and optical processors. 
Figure 12.10 sketches a planar-optical spectrum analyzer that will serve 
as the archetype for our discussion of such devices. The device consists of a 
substrate on whose entire surface lies a uniform optical waveguide. In this 
case, a diode laser is butt-coupled to one edge of the waveguide; in other 
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Fig. 12.10. Planar Optical processor 


examples, a helium-neon laser may be coupled to the waveguide with a lens. 
Two planar lenses collimate the beam from the laser; they are shown as 
circles. 

The function of this device is to generate the Fourier transform or fre- 
quency spectrum of an electronic signal. Here the term "Fourier transform" 
means with respect to electrical frequency in hertz, rather than spatial fre- 
quency in lines per millimeter. The electronic signal is used to modulate the 
amplitude of a surface acoustic wave, which propagates through the colli- 
mated optical beam. We need not go into detail to realize that the elec- 
trical signal is thereby changed from a function of time into a function of 
length. Thus, measuring the spatial Fourier transform with the optical de- 
vice is equivalent, with suitable scaling, to measuring the temporal Fourier 
transform. 

The spectrum analyzer contains a third lens for determining the Fourier 
transform. An array of detectors is located in the secondary focal plane of this 
lens and is probably connected to a computer for further data analysis and 
processing. The Fourier transform is calculated optically instead of by digi- 
tal computer because of its nearly instantaneous action at many frequencies 
simultaneously. This is known as parallel processing. 

As before, we will not discuss the system or electronic aspects of planar 
optical devices, but will concentrate on the optical components, in this case, 
the lenses. There are several ways of making waveguide lenses, and each 
has its advantages and disadvantages. We shall conclude this chapter with a 
discussion of four kinds of waveguide lens. 


12.2.1 Mode-Index Lenses 


We learned in Sect. 12.1.2 that the effective index in a waveguide increases 
with increasing thickness according to (12.5). The change of effective index 
that results from a change of waveguide thickness depends on mode num- 
ber m. A lens that makes use of the change of n, with waveguide thickness 
will therefore suffer from a sort of chromatic aberration unless the waveguide 
propagates only one mode. We shall consequently assume a single-mode guide 
hereafter. If the index difference between the substrate and the waveguide is 
1%, the thickness of a single-mode waveguide will be about five wavelengths. 
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Fig. 12.11. Mode-index lens Fig. 12.12. Graded-index lens 


If the wavelength is about 1 um, the change of effective index is about 0.002 
per micrometer of thickness change. Suppose that we want to make a “len” 
in the waveguide by increasing the thickness of the waveguide in the man- 
ner shown in Fig. 12.11. According to the “len” equation (2.17) the required 
radius of curvature R is 


R= f'(An/n) , (12.6) 


where f’ is the desired focal length. Again for the wavelength of 1 um, we find 
that the radius is very roughly equal to f'Ad/1000, when Ad is measured in 
micrometers. This relationship shows that it is perfectly plausible to design 
a "len" or a lens that has a focal length in the millimeter range by making a 
waveguide-thickness change in the micrometer range. 

Lenses manufactured by depositing one or more index steps in an arc are 
called mode-indez lenses. They are possibly the simplest type of waveguide 
lens to manufacture and analyze but have at least two disadvantages. The 
first we have already noted: they will have aberrations in multimode guides. 
In addition, such lenses are somewhat lossy because the edge of the waveguide 
is unpolished and therefore somewhat rough on the micrometer scale. This 
roughness causes scattering and results in attenuation and possibly loss of 
contrast as well. Nevertheless, because they are simple to make, these lenses 
find use in both planar optical devices and optical integrated circuits. 

We noted in connection with distributed-feedback lasers (Sect. 12.1.1) that 
it is often preferable to etch into a planar waveguide than to deposit a layer 
on top of it. This is so because of the high index of refraction of many waveg- 
uide materials. Etching the waveguide, however, lowers the effective index 
of refraction. A positive lens made by etching is therefore concave, rather 
than convex. Such lenses may be more practical than convex lenses made 
by deposition because a larger index change may be effected by etching the 
waveguide than by depositing a layer on top of it. 


12.2.2 Luneburg Lenses 


Graded-index lenses are also possible. Figure 12.12 shows a simple example 
of such a lens. A tapered strip is deposited on top of the waveguide. The 
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index of refraction of the strip must be greater than or equal to that of the 
waveguide, so there will be no total reflection at the boundary between the 
original waveguide and the strip. The upper surface of the strip therefore 
becomes the upper surface of the waveguide. As before, the effective index 
of refraction inside the waveguide increases with increasing optical thickness. 
The waveguide therefore displays a higher index of refraction at the center of 
the strip than elsewhere; the index decreases gradually away from the center 
of the strip. The strip therefore can focus light in much the same manner as 
a graded-index waveguide. If the index profile of the strip is chosen properly, 
the strip becomes a graded-indez lens. It is a kind of mode-index lens; such 
lenses can be made by sputtering or evaporating material onto the substrate 
and using a mask to control the amount of material that is deposited at each 
point. 

The lens may also be deposited with radial symmetry. Such a lens is known 
as a Luneburg lens. Its operation is similar to the one-dimensional lens, except 
that ray paths must be analyzed in two dimensions instead of one. Fermat’s 
principle is used to calculate the precise index profile for different conjugates; 
the calculation is too complicated to discuss here, but we can still draw one 
important conclusion about these lenses. 

Figure 12.13 shows a top view of a Luneburg lens. Suppose that the lens 
images one point A without aberration onto another point B. The lens has 
radial symmetry; therefore there is no preferred optical axis. Any other point 
A’ that lies on the circle that passes through A and whose center is C is indis- 
tinguishable from A. Its image B’ is free of aberrations and indistinguishable 
from B. Just as A and A’ lie on a circle, B and B’ also lie on a circle. There- 
fore, we conclude that the Luneburg lens images concentric circles onto one 
another. If the lens is designed to be without aberration for conjugates A and 
B, it will be without aberration for all equivalent points A’ and B’ that lie 
on the two circles. 

The Luneburg lens is an example of a perfect imaging system. Except 
that the object and image lie on circles and not on lines, the Luneburg lens 
is completely free from aberration when used with the proper conjugates. 


Fig. 12.13. Luneburg lens 
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12.2.3 Geodesic Lenses 


Luneburg lenses are special cases of mode-index lenses. They therefore oper- 
ate best in single-mode guides or, at least, in waveguides in which only one 
mode propagates. Another kind of lens is known as a geodesic lens because 
the rays follow a geodesic, that is, the shortest distance between two points 
on a surface. Figure 12.14 shows top and side views of a geodesic lens in a 
waveguide. The lens consists of a spherical depression in the substrate. The 
waveguide follows the depression but unlike the previous cases has uniform 
thickness throughout. The ray that follows a diameter of the depression trav- 
els a greater optical path than the ray that grazes the lens; other rays travel 
intermediate distances. This is precisely the case with an ordinary positive 
lens: the lens is optically thickest in the center; as we saw in Sect. 5.5, the fo- 
cusing action is equivalent to the rays' following equal optical paths. Because 
the lens is optically thickest in the center, the peripheral rays must travel 
greater geometrical (as opposed to optical) paths. 

The same principle is applied to the design of geodesic lenses. Ray tra- 
jectories are calculated by a procedure that is equivalent to minimizing the 
optical-path length between conjugate points. Like Luneburg lenses, geodesic 
lenses may be designed so that they image concentric circles without aberra- 
tion. The shape of the depression must in this case be aspheric. 

We can derive some of the properties of a geodesic lens by looking at 
it from another point of view. Consider first an optical waveguide that has 
a sharp bend, as shown in Fig.12.15. The angle of the bend is o. A wave 
propagates in the horizontal section of the waveguide in the direction per- 
pendicular to the bend. When the wave reaches the bend, it will continue to 
propagate in the sloped section of the waveguide, except possibly for some 
bending loss. If the thickness and index of refraction of the waveguide remain 
constant beyond the bend, the wavevector will remain the same, except for 
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Fig. 12.15. Propagation at a bend in the 
Me A cos o/n. waveguide 


B cos a 


a change of direction. Thus, the wavelength A/n, will be the same in both 
sections of waveguide. 

For planar-optical applications, we are interested in the projection 3, of 
the wave vector p in the horizontal plane. In the horizontal section, the pro- 
jection is equal to the wave vector itself; in the sloped section, the projection 
is given by 


B; = P cosa . (12.7) 


Thus, when viewed from the top, the wave appears to slow by the factor 
cos a. That is, for small angles of incidence, the waveguide beyond the fold 
appears to have an effective index of refraction 


n, = Ne/ cosa . (12.8) 


(This result may also be derived by considering the wavefronts in the two 
sections. If A/n, is the effective wavelength in the horizontal section, then 
the wavelength in the sloped section appears from above to be reduced to 
(A/n.) cos a.) 

We may derive the paraxial focal length of a spherical geodesic lens in the 
following way. The radius of curvature of the depression is p. The radius of 
the depression, as seen from the top, is psina, where a is the angle shown 
in Fig. 12.14. A ray that intersects the geodesic lens along a diameter expe- 
riences a bend whose angle is also œ. Thus, in the paraxial approximation, 
the geodesic lens may be regarded as a thick, biconvex lens whose radius of 
curvature is psina, whose surfaces are separated by twice that length, and 
whose relative index of refraction is n; /ne = 1/ cosa. 

We may calculate the focal length of such a lens by using (2.32) for a 
thick lens with one element whose index of refraction is n. For our case, both 
radii of curvature are equal to R, and the separation between the surfaces is 
equal to 2R; therefore 


f = R/2[ - (1/n)) . (12.9) 
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This result is, incidentally, the same as that for a spherical lens with index of 
refraction n. For our case, n is replaced by 1/ cosa and R is equal to psina. 
The foca] length of a spherical geodesic lens is therefore 


f’ = psina/2(1 — cosa) . (12.10) 


This is the result derived by more conventional methods. 

In practice, the lens will suffer from spherical aberration if it is used at a 
high aperture. In addition, if o is large, there is significant loss at the edge 
of the lens. Real geodesic lenses must be tapered to reduce this loss at the 
edges; the profile of the depression is therefore aspheric. 

Geodesic lenses may be made by depositing a bump on the surface of the 
substrate and depositing the waveguide over the bump; because the optical 
path along a diameter of the bump is greater than that near the edge, the 
bump also gives rise to a positive lens. A more easily controllable way to 
manufacture a geodesic lens, however, is to machine a depression using a 
computer-controlled lathe with a diamond-point cutting tool. This process is 
sometimes called diamond turning and may be used to machine the depression 
to precisely any shape. 

Another advantage of geodesic lenses is that their focal length does not 
depend on mode number because n; /n, does not depend on mode number. 
Therefore, they may be used with multimode waveguides with no aberration 
resulting from the range of mode numbers. 


12.2.4 Gratings 


Gratings may be etched or deposited onto a planar waveguide for any of 
several purposes. A diffraction lens is equivalent to a one-dimensional Fres- 
nel zone plate superimposed onto or etched into the surface of the wave- 
guide. Such a lens focuses light as described by the formalism we derived 
in Sect. 5.5.3. The half-period zones, however, are not alternately clear and 
opaque, as in a conventional zone plate. Rather, alternate zones cause a phase 
shift of x of the incident wave. This phase shift exactly compensates the path 
difference between rays from alternate zones, so all the zones contribute to 
the intensity of the image. In the conventional zone plate, only half the zones 
contribute; as a result, a phase zone plate in principle yields an image that is 
four times as intense as a conventional zone plate. 

Figure 12.16a shows a thin diffraction lens in a highly schematic top 
view. The zones may be created, for example, by etching the waveguide layer 
to lower the effective index within each zone. The wavelength inside the 
waveguide is equal to the vacuum wavelength divided by the effective index, 
so the effective index in the waveguide must be known before the parameters 
of the lens can be calculated accurately. 

For higher effenciency, a diffraction lens may be made thick, like a thick 
hologram. Such a lens is sketched in Fig. 12.16b. That figure shows two rays 
that originate from one conjugate point, reflect off one groove, and pass 
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a 


Fig. 12.16. Diffraction lenses. 
i (a) Thin lens. (b) Thick lens 


through the other conjugate point. Because those rays (and all others) must 
have the same optical path, we conclude that the grooves are segments of 
ellipses, though often line segments suffice. The efficiency of a diffraction lens 
will approach 100% provided that the parameter 


Q = 2nAt/nd? (12.11) 


exceeds 10 (Problem 7.3). 

Waveguide lenses other than diffraction lenses depend on changing some 
property of the waveguide such as the effective index of refraction. Geodesic 
and Luneburg lenses are comparatively hard to manufacture and do not 
use conventional lithographic techniques such as those borrowed from the 
integrated-circuit industry. Mode-index lenses are comparatively lossy owing 
to scattering from the edges of the lens. For these reasons, diffraction lenses 
may prove to be the most useful in the long run. 

Gratings may also be used to couple light out of the plane of the wave- 
guide; if the grooves are suitably curved, the light may be made to focus 
in the air above the waveguide, for example. Such gratings have application 
in compact-disk reading heads and in communication from one electronic 
integrated circuit to another, as in a computer. 

Consider the waveguide grating of Fig. 12.17. The grating could be etched 
or superimposed onto the upper surface of the waveguide, or it could be a 
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Fig. 12.17. Grating in a waveguide, 
showing air mode, substrate mode, 
and coupling prism 


volume grating that is created throughout the waveguide layer by suitable 
periodic doping of the material. In either case, we begin with (10.12), which 
we derived in connection with the grating coupler. We look first at a substrate 
mode, or a wave diffracted into the substrate. Equation (10.12) becomes 


mA = nsdsin is — Ngdsini, , (12.12) 


where the subscript s means substrate and g means the waveguide layer 
itself. The symbol m here means the order of diffraction; we assume that the 
waveguide supports only a single mode. If we use (10.11) for the effective 
index of refraction, we find that 


mA = Nd Sin is — ned . (12.13) 


Comparison of (12.12) and (12.13) shows that the wave inside the waveguide 
may be described by either of two equivalent pictures: as a wave that prop- 
agates at angle i, to the surface of the waveguide and in a material whose 
index of refraction is ng, or as a wave that propagates parallel to the surface 
of the waveguide but in a material whose index of refraction is equal to the 
effective index ne. 

Since ne in (12.13) is always less than ns, m must always be less than 
0; that is, there can be only negative diffraction orders. Therefore, for the 
lowest order of diffraction (m = —1), 


Ns Sin is = ne — A/d. (12.14) 
Similarly, in the air, 
sini, = n, — A/d , (12.15) 


where the subscript a stands for air and n, — 1. If, now, we solve (12.15) for 
ne and substitute into (12.14), we find that 


sin i = (sin ia) /ns . (12.16) 
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Because n, is always greater than 1, sini, is less than 1 whenever sini, is 
less than 1, though the reverse is not necessarily true. Therefore, we conclude 
that whenever a wave is diffracted into the air, a wave is also diffracted into 
the substrate. 

For efficiency, we may prefer to limit the radiation pattern to one 
diffracted order only. We could, for example, suppress the wave in the air, or 
the air mode, by requiring that sini, in (12. 15) be less than —1. According to 
(12.16), then, i, < 0; the diffracted wave travels in the reverse direction, that 
is, downward and to the left in Fig. 12.17. Depending on the angle of diffrac- 
tion, that wave may be trapped in the substrate by total internal reflection, 
or it may emerge from the substrate nearly parallel to the surface; this is 
especially possible in a high-index material such as gallium arsenide. It may 
therefore be necessary to contact a prism to the underside of the substrate 
in order to couple the light out. 

For this and other reasons, we might prefer an air mode to a substrate 
mode. A grating that diffracts primarily an air mode can be manufactured 
either by blazing the grating (Sect.6.1.1), or by depositing a thick grating 
that acts as a Bragg reflector. Blazing a grating is not easy but can be done by 
manufacturing a grating and ion-milling it with an ion beam that is directed 
onto the surface at an angle and erodes the grating selectively at an angle. 
In either case, a single order of diffraction can be selected in much the same 
manner as a blazed grating or a thick hologram selects a single order. 

Waveguide gratings are, however, very different from bulk gratings. As 
Fig. 12.17 shows, the radiation is incident on the grating at glancing incidence. 
Consequently, the amplitude of the electric field decreases exponentially with 
distance from the left edge of the grating; the proof is the same as the proof 
that led to (8.6). If we try to focus the light diffracted by the grating to a 
point, we will have to deal not with a uniform beam but rather with a beam 
that decays exponentially across the entrance pupil of the lens. 

Consider a one-dimensional grating that extends in the x direction from 0 
to oo . The diffracted amplitude varies with z as exp(—z/w), where w is the 
characteristic decay length and depends in a complicated way on the depth of 
the grooves. Imaging the diffracted wave with a lens is equivalent to imaging 
a collimated beam with the same amplitude dependence, so we use (7.31) 
with g(x) = exp(—z/w) when x > 0, and g(x) = 0 otherwise: 


E( fz) = I e */we-?rifzzg, | (12.17) 
0 
Straightforward integration shows that the intensity is described by the 
Lorentzian function 
I(fz) = w^/[1 + (2rwsin6/A)?] . (12.18) 


A rectangular aperture whose width is 3w gives about the same half-width 
as the Lorentzian function. Problem 12.12, however, shows that a Lorentzian 
function with the same peak intensity displays substantially higher intensity a 
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few resolution limits from the center of the image. This is one reason that it is 
hard to manufacture a waveguide grating with diffraction-limited resolution. 


12.2.5 Surface-Emitting Lasers 


Ordinary junction lasers (Sect.8.4.8) are sometimes termed edge emitters 
because they emit light from the edge of a facet; that is, the active medium 
is a layer of semiconductor, the oscillation takes place parallel to the plane of 
the layer, and light is emitted from the edge of the layer. Distributed-feedback 
lasers (Sect. 12.1.1) are also, in a sense, edge emitters. 

A surface-emitting laser may be fabricated by combining the methods 
of integrated optics and multilayer mirrors (Sects. 6.4.2 and 6.4.3). That 
is, a surface-emitting laser is similar in concept to an MDM interference 
filter, except that the dielectric layer is replaced by an active medium, most 
commonly gallium arsenide or a related alloy such as GalnAs, GaAlAs, and 
GalnP, depending on the required wavelength. 

To make the laser, à quarter-wave stack is grown onto a substrate, not 
by vacuum evaporation but by chemical-vapor deposition in a high vacuum. 
The substrate may be GaAs, and the layers in the stack are alloys of III- 
V compounds. The active medium, a 1-2-um layer, is grown on top of the 
quarter-wave stack and followed by another stack. Often, there is also an 
inactive layer, or buffer layer, between the active layer and each stack. The 
stacks serve as the laser mirrors, and the laser oscillates in the vertical di- 
rection, that is, the direction perpendicular to the plane of the layers. Lasers 
manufactured in this way are called vertical-cavity surface-emitting lasers, or 
VCSELs. 

To attain stable emission or single-mode operation, the laser has to be 
restricted in the direction transverse to the direction of propagation. To this 
end, the material is etched away everywhere except in the regions where laser 
emission is required. A conducting electrode may then be deposited over each 
of these regions, which are a few micrometers in diameter. It is possible in this 
way to fabricate an array of many thousands of lasers per square centimeter. 
With external optics, these lasers can be operated in phase with one another, 
so they form the elements in a single, more-powerful laser. Alternatively, the 
individual lasers on the substrate can be left isolated from one another and 
excited separately in order to excite individual fibers in a bundle, for use in 
a telephone or community television system, or as a matrix element in an 
optical computer. In particular, multimode surface-emitting lasers are used 
with multimode fibers for local area networks (Sect. 11.3.1). 


Problems 


12.1 Gallium arsenide has an index of refraction of about 3.6. Suppose that 
we make a channel waveguide by increasing the index of refraction of a narrow 
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strip by about 1%. The waveguide thus formed is 2 um deep. If the index of 
refraction inside the waveguide is constant, that is, if the waveguide displays 
an index step, what is the greatest width that will allow single-mode operation 
at 1.3 um? 


12.2 On top of a slab waveguide 2 uum thick is a ridge waveguide an additional 
2pm thick; that is, the ridge waveguide is 4 jum thick in all. The index of 
refraction of the substrate is 1.5, and that of the slab is 1.503. If the ridge 
has the same index of refraction as the slab, can it support only one mode, 
or more, at the wavelength of 0.85 uum? 


12.3 A certain slab waveguide is 4 um thick and has an index of refraction 
of 1.5 and a numerical aperture of 0.1. This waveguide contains a step that 
is 44m high and lies perpendicular to the direction of propagation of the 
lowest-order mode in the waveguide. Use the effective index of refraction to 
estimate the reflectance of the step if the wavelength of the light is 0.85 um. 


12.4 Consider à waveguide branch in one dimension. Assume for convenience 
that the mode-field width of the tapered section is w, that in either output 
waveguide is w/2, and the two modes are displaced from one another by 
w (Fig. 12.4). Ignore the angle between the input and output waveguides. 
Set up an equation similar to (10.53), and show that the fraction of the 
input power coupled into either output waveguide is (4/5)e~8/5. What is the 
overall efficiency of the branch? The missing power is partly reflected back 
into the input waveguide and partly scattered out of the waveguides entirely. 
[Hints: Use the result of Problem 10.11. Change the variables of integration 


to u = r/w; then manipulate. i e^" du = Vr /2.] 


12.5 A slab waveguide with a numerical aperture of 0.2 is 6A thick and ends 
in a gradual taper. At what thickness does the lowest-order bound mode 
become radiative? Ignore phase change on reflection. 


12.6 A waveguide designed for 0.85 um is 8m wide. It contains a Bragg 
reflector oriented at 45° to the waveguide axis; this reflector couples light 
into an identical waveguide oriented at right angles to the original waveguide 
(Fig. 12.1). 

(a) Express the Bragg condition (9.32) in terms of the period d of the 
grating and calculate d. Assume that the wavelength inside the waveguide is 
close to A/n, where n = 1.5. 

(b) Roughly how many lines or grooves actually contribute to the light 
that is coupled into the second grating? 

(c) Assume that the answer to (b) is equal to the finesse, or the effective 
number of interfering beams, of the coupler. Estimate the spectral width of 
the reflected wave, assuming that the light in the waveguide is spectrally 
broad. 

(d) If the light has a spectral width of 100 nm, how many distinct channels 
can be separated by a set of such gratings? 
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(e) How could you increase the number of channels? You may change 
any waveguide parameters, including the substrate, but must use only single- 
mode waveguides. 


12.7 Figure 12.18 shows a kind of wavelength-division multiplexer known 
as a phasar, for phased array, or an arrayed waveguide grating. The figure 
is idealized in that the waveguides in a real phasar describe gentle curves 
that minimize bending loss, not the sharp right angles shown in the figure. 
In addition, the receiving waveguides to the right lie on a Rowland circle. 

In this example, which is a 1 x 8 multiplexer, a channel waveguide is 
terminated in a slab waveguide at the lower left. Light with several discrete 
wavelengths A; through A, enters the system through this waveguide and 
diffracts into the slab region. The diffracted light is incident onto a series 
of N channel waveguides, where N may be of the order of 100. At some 
wavelength Ap between A; and Àn, each channel waveguide is precisely p 
wavelengths longer than its nearest neighbors. The light that propagates 
through the N waveguides diffracts from the ends of those waveguides into 
a second slab region, at the right side of the figure. There it is focused by 
diffraction onto one of eight channel waveguides. The wavelengths and the 
positions of the eight channel waveguides are chosen so that each wavelength 
is focused into precisely one of the eight channel waveguides. The phasar 
operates similarly to a diffraction grating in pth order. The wavelength is 
approximately 1.55 um, and p may be in excess of 50. 

(a) Show that the wavelength Ao displays a diffraction maximum, in order 
p, where 0 = Ao/d and d is the distance between adjacent waveguides. Use 
the paraxial approximation; that is, regard the slab regions as very much 
longer than they are wide, so that the array of waveguides may be considered 
planar. For convenience, let A be the wavelength in the material, rather than 
the vacuum wavelength. 


Waveguides 


Slab regions 


Waveguides 


" " dE. | Fig. 12.18. Phasar (arrayed wave- 
pee AR NN. IDCM n guide grating) 
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(b) Some other wavelength A has a maximum, in order p, where 0 = Ao/d 
(The eight collecting waveguides therefore lie between angles —Ao/2d and 
Ao/2d.) Show that, therefore, the free spectral range AA of the phasar is A/p. 
Hint: Note that the optical path difference between adjacent waveguides is 
pAo, not pA, and write the grating equation accordingly. Ignore dispersion 
and assume that the wavelength in the channel waveguides is the same as in 
the slab waveguides. 

(c) Show that the chromatic resolution limit is 6A = AA/N. According to 
this result, we could in principle design a phasar with N/2 channels, provided 
that p > 1. The calculation ignores crosstalk between adjacent channels, 
however. 

(d) Suppose that the (one) input and (eight) receiving waveguides have 
width b and the receiving waveguides are separated (center to center) by 
D — 3b/2. The beam emitted by the input waveguide is approximately Gaus- 
sian and has radius wo ~ b/2. Assume that the beam focused onto the re- 
ceiving waveguides is also approximately Gaussian and has the same radius, 
that is, that the imaging is at unit magnification and is diffraction limited. 
Estimate the crosstalk between adjacent waveguides. Specifically, if a certain 
wavelength is focused onto one waveguide, approximately what fraction of 
the peak power falls onto a nearest neighbor? Assume that the equations 
for Gaussian beam propagation apply here, even though the beams are one- 
dimensional, not radially symmetric. 


12.8 A mode-index “len” is made on a substrate whose index of refraction 
at 0.85 um is 3.6. A slab waveguide 1 um thick is formed on that substrate 
and then selectively etched to form a “len”. The thickness of the waveguide 
beyond the "len" is 0.5 um. The index of refraction of the film is 0.025 higher 
than that of the substrate, so only a single mode propagates in the waveguide. 

(a) Calculate the radius of curvature required to give the "len" a focal 
length of 5mm. 

(b) Perform the same calculation for a polymer waveguide whose index 
of refraction is 1.5. Assume that a slab waveguide 8 uum thick is reduced to 
2 um to form the “len”. 


12.9 Show that the effective F-number of a Luneburg lens may be as great 
as 0.5. 


12.10 Consider a diffraction lens that has a total of m Fresnel zones. Use 
(5.68) along with the binomial expansion (1— 1/m)!/? z 1 — (1/2m) to show 
that the width of the outermost Fresnel zone is Asm = s;/2,/m. 


12.11 A diffraction lens is used at unit magnification with l’ = —1 = 5mm 
at the wavelength of 1 um. The effective index of refraction in the waveguide 
is 1.5. The lens has approximately 25 000 Fresnel zones in all and is 1 mm 
thick. Show that the lens is nearly 10096 efficient. [Hint: Use the result of 
Problem 12.10. For what portion of the zone plate is the parameter Q less 
than 107] 


Problems 343 


12.12 Consider a slab waveguide made of a material into which a volume 
hologram can be exposed. The developed fringes of the hologram lie at 45° 
to the surface of the waveguide and extend through the slab to the substrate. 
The Bragg condition is satisfied at whatever angle of diffraction corresponds 
to specular reflection from one of the fringes or Bragg planes. 

(a) Calculate the angle of diffraction of the air mode and show that it is 
not equal to 0. (Hint: The ray that is bound to the waveguide behaves as if 
it travels parallel to the surface of the waveguide and experiences an index 
of refraction of ne. After reflection from a Bragg plane, the ray does not 
undergo multiple reflections and therefore experiences an index of refraction 
of nı, so first write an equation analogous to (2.29). This problem involves 
only geometry, Snell's law, and your equation.| 

(b) Find the grating period d that corresponds to this value of i4. If we 
wanted any other period or angle of diffraction, we would have to change the 
angle of the Bragg planes accordingly. 


12.13 Consider a waveguide grating that displays a decay length w 
(Sect. 12.2.4). After a distance 3w, the amplitude inside the waveguide decays 
to about 5% of the incident amplitude. Compare the far-field diffraction pat- 
tern of this grating to that of a slit whose width is 3w. That is, make a rough 
sketch of the two diffraction patterns, and show that the grating displays 
higher intensity a few resolution limits from the center of the diffraction pat- 
tern. Assume that both patterns have the same intensity at the origin. (Note: 
It is necessary to plot only the first few zeros and secondary maxima of the 
diffraction pattern of the slit.] 
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Chapter 2 


Example 2.1 of Sect. 2.2.4 


Fig. S.2.1. Effective focal length of two thin lenses in contact 


First lens: 
1 1 1 
y3 = — (2.22 
A ) 
second lens: 
1 1 1] 
rug 


The image produced by the first lens is used as an object for the second lens 
at distance d from the first lens. Then, l2 = l} — d. When d z 0: 
] 1.1] 1 1 
"EN 


— — = = — 4+ — = ; 
i l fi fo eff 
Example 2.2 of Sect. 2.2.4 


I/ fea —1/fi +1/f2—d/fifa — (227) 
= (n — 1)A; + (n — 1) Ag — (n ~ 1)?d Ay A; , 


where the A's are the R terms in (2.21). 1/ fi, has a critical point (maximum 
or minimum) where the derivative is 0: 
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< (1/ fig) = A; + Áz — 2(n — 1)dA1 A5 = 0. 
dd 
fif 

l p,p 
d = 2 (fi + f2) - 


1/fi +1/f2 


Example 2.3 of Sect. 2.2.9 


Substitute m = l'/l, or 1/l = m/l in the lens equation (2.22). Then, 


l' 2 f'1— m). 
With f = -f 
l= f(1— 1/m). 


Problem 2.1 


Fig. S.2.2. Constant-deviation system 


(a) The angle we seek is angle ó at point D. From triangle ABC: 
(Fig. S.2.2): 


a + (90° — b) + (90? — a) = 180? 
a=a+b; 
from triangle ABD: 
5 + (180° — 2a) + (180° — 2b) = 180° , 
ô = 2 (a + b) — 180° 
= 2a — 180°, independent of a. 


(b) 6 is the deviation angle in the preceding part. We need to relate it to 
6, the “external” deviation: 
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Fig. S.2.3. Beam reflection at prism (re- 
flecting surfaces of prism not shown) 


ó' + (90? — r’) + (90° — 2’) = 180° , 
ó =r +i’. 
Likewise, 
ĝ=r+i. 
In the paraxial approximation, 
i=ni, r=nr, 
SO 
ó — nó . 


Only in the paraxial approximation (i' ~ r' zz 0°) is the glass prism a constant 
deviation system. Both angles are nearly 0 only when 6’ = 0° and the prism 
angle a = 90? (direct retroreflection). 

(c) The ray will be trapped when b < 0, where b « 0 as drawn in (a). 


(90° — a) + (90° — 0) + a = 180? 
a>a 
Note: This is the principle of the concentrating solar collector. 
Problem 2.2 
The image shift A in the paraxial approximation (with tani ~ sini ex i) is: 


a - Noting) La 1). 
1 t n 


away from the lens. See Fig. S.2.4. 
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Fig. S.2.4. Image shift by a slab of glass 


Fig. 8.2.5. Object-image relationship 
for a curved mirror 


Problem 2.3 


Follow (2.8) to (2.16). The law of reflection is 
i' =i. 
In triangle ACP, 
i + u + (180? — a) = 180°, 
or 
1=a-U. 
In triangle A'CP, 
i' + (180° — u’) +a = 180° , 
or 
i=u'-a. 
In the paraxial approximation: u = h/l, u’ = h/l', and a= h/R, so 
a—u-uw'-a, 


1 1 utw 2 


IUECCOR NS 
l',l, and R are all negative in the drawing, so no sign change is necessary. 
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Fig. S.2.6. Imaging with lens and curved 
mirror (unfolded) 


Problem 2.4 


Treat the mirror as a lens with focal length f/, = R/2. Assuming they are in 
close contact, the resulting focal length f!ẹ is given by 
l ] 1 | 2 2 
F 


=— +++ ety. 
eff I5 f' P rdi R 


Problem 2.5 


Fig. S.2.7. Telephoto lens 


A telephoto lens gives a long focal length f!, with short mechanical length. 
These reduce weight and moment of inertia. 


secondary 
principal 


Fig. S.2.8. Wide-angle lens 
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This reverse telephoto lens allows a long working distance. Many wide- 
angle lenses use the reverse telephoto design (a shorter focal length results in 
a wide field of view). 


Problem 2.6 


Fig. 8.2.9. Imaging of a tilted ob- 
ject plane 


Points A and A’ are conjugates. B is an arbitrary point in the tilted object 
plane, but AB is not parallel to the principal plane of the lens. Trace a ray 
from A through B (ray 1). This ray intersects the extension of the principal 
plane of the lens and goes through A’. Where it intersects ray 2 is the image 
B’ of B. Since B was an arbitrary point, any point along the tilted object 
plane is imaged to a point in the plane defined by A’ B’ and perpendicular 
to the plane of the page. 


Problem 2.7 


(a) z = (n — 1) (zx -= z) = (n— 1)A when the lens is in air, as 
indicated by the subscript a; 

7 — (n—n)A when the lens is in the liquid (subscript 1). 
But from the first equation, A = 1/(n — 1)f1, so 

fl= "=f. 


The focal length is reduced by immersion in the liquid. 

Check: ff = oo (no power) when n’ = n. 

(b) In this case, you cannot determine the focal length, unless you know 
the curvatures (Fig. S.2.10). 

Proof by example: Let n' = ng, where n, is the index of the lens. 

(c) Ray 5 emerges parallel to the axis, by definition of F. Therefore, m is 
independent of n' (because the image of the arrowhead lies on ray 5, which 
the lens directs parallel to the axis). 


13. Solutions of Examples and Problems 351 


no power yes power 


same lens 
(air) (glass) (liquid) (air) (glass) (liquid) 
Fig. S.2.10. Different powers of a positive Jens 


(air) (glass) (liquid) 


Fig. S.2.11. Imaging into a liquid 


Ray 1 goes through F' (again by definition) and intersects ray 5 at the 
tip of the image in A’. Since the lens is assumed thin, ray 3 sees a parallel 
interface perpendicular to the axis (Fig. S.2.12). Apply Snell's law twice: 


. —n -t 
gig — n'i 
i’ =i/n' 


Ray 3 is refracted so that the angle i’ is reduced by 1/n’ from the value in air. 
This is just the amount needed to ensure that ray 3 also hits the arrowhead. 


aute eee nnn ns 


(1) (nj) (n) 
Fig. S.2.12. Ray tracing of the central ray 
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Fig. 8.2.13. Collimating 
a beam by imaging on a 
nearby screen 


Problem 2.8 


Newton’s form of the lens equation: 


ra! = -f° 


ze =3m—5cem23m, 


Translate the lens = 1 mm toward the source. 


Problem 2.9 


== 


Fig. S.2.14. Imaging by a sphere 


The focal length of the sphere (in this case) is f’ = 2R. According to the 
“len” equation, 


— a a 


ye R 

n 1 n-1 
2R —o R 
= 2(n - 1) 

n=2 


Problem 2.10 


By trigonometry, 
6=(L'-l')tanU’ , 
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Fig. S.2.15. Transverse spherical aberra- 
tion 


where h = l tan U = L'tanU', so 
ô — ltanU — l' tanU’. 


But 


n’ 
T 


l=ľnjn , 

ô = (ntan U —n'tanU’)I'/n’ . 
For a typical coverslip, l’ = 170um. If we assume that sin U = 0.65, the 
numerical aperture of 40 x objective (Sect. 3.8), then 

sin U' = (1/n)sinU = 0.65/1.5 = 0.43 

tanU = 0.86, tan U' = 0.48 

ô = (1 x 0.86 — 1.5 x 0.48) x 170 um/1.5 & 16 pm. 


Compare with the resolution limit: 0.61\/NA = 0.61 x 0.55/0.65 = 0.5 um 
« 16 um. 


Problem 2.11 


dye jet 


^ 


mirror 
at 600 nm 


Fig. S.2.16. Focusing with a lens setup 
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The focal length of a concave mirror used as a Jens is given by 


1 1 1 1 1 
— = -—- 1 — - — = 1. =n 1 aaa 
fin M (x; s) d (3 sox) 
fa -20cm. 
We need a positive lens, such that 
E31 
Tons Ji R2’ 
NS NES 
fins 10 20 
jm = 7cm ^ 
Chapter 3 


Example 3.1 of Sect. 3.1 


Lens equation of the eye: The eye focuses by adjusting the power of the lens, 
not the position. Therefore, l’ = constant, 


LRL NEN 4 

l oo f 
where P( 60 D) = power of relaxed eye. If the eye is focused at a point l 
to the left, 

n] 

' d 
where P, = power of accommodation, and P, = excess power, or power that 
must be corrected. Subtract: 


1 
= ~—(P, +P). 


=P+P,+P, 


Example 3.2 of Sect. 3.2. 


Conjugate of A’ = hyperfocal distance, by definition. The depth of focus ó is 
6=¢(1 —m)RL (3.7) 
= @RL 
for a distant object. Newton’s form is 


zz'— —f", so 
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Fig. S.3.1. Hyperfocal distance 


If we move the film back to A’ (from F’), the depth of focus is still +ô. The 
nearest point in focus is the conjugate z of f' + 26, that is, 


126 = —f". 
so 2 = H/2. 


Example 3.3 of Sect. 3.4 


Fig. S.3.2. Magnifying power of magnifying glass (eye is assumed to be in contact 
with the magnifying glass) 


Assume that the eye is accommodated to d, and that it is in contact with 
the lens. Then 


h’ [T 
MP = —— 
h/d, ' 
l' 2 —d, by hypothesis, so 
MP = =. 
1 1 1 
l d, P 
SO 
d, id, | 
MP =} —— =14 08. 
i F 
Similarly, if the eye is located at F’, 
sot ow 


hjg f" 
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Fig. S.3.3. Magnifying power of magnifying glass (eye is assumed to be distant 
from the lens) 


independent of the image plane. The magnifying power decreases as the eye 
moves away from the lens because the eye is also getting farther from the 
image. 


Problem 3.1 
To find the near point use P, = 2D and P. = 5D: 
1 
1 = -(5 + 2) D 
| 2 —-14cm. 
At the far point, P, = 0, 1/l = —5 D, l = —20 cm. 
With correction, the far point = —oo, by definition. The near point: 
1 


7 = 72D, l = —50cm. 
The patient needs bifocals now! 


Problem 3.2 


(a) OP'R and QP’R are similar triangles. 
OP’ | QP: 
PR PR 
y +dDy _ y 
PR PR-A 
i dD 
aah Eo Ho) 
If d~ 1cm and —D € 10D, the dD < 1, so 
A= P'R- dD = (22mm) - dD 
The fractional change of magnification is 
A 


us" 
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retina 


D diopters ~60 diopters 
Fig. S.3.4. Displacement of the principal planes due to a spectacle lens; P’ = 
principal point, P: = principal point after correction, D = power of spectacle lens, 
P'R = 22mm 


or about 5% when D = 5D. Thus, the maximum tolerable power difference 
between both eyes is 5-10 D. The approximate power of a cataract lens is the 
power of the lens of the eye, or 17 D. The magnification change is S 15 96, 
and the eyes can tolerate this change only with difficulty. The magnification 
is nearly unchanged with a contact lens, however, since d ~ 0. 


Problem 3.3 


Fig. S.3.5. Close-up photography, ob- 
ject at the focal point of lens 1 


(a) Lens 1 projects the image to —oo. A spacing d does not effectively 
change the object distance for lens 2. Therefore, it also does not change the 
magnification. Note, however, that a space between the lenses may cause 
vignetting, as shown in Fig. S.3.5. 


(b) Lens 1: tır} = —f;?, so z} = 10m > f4. So zo & lp S 10 m as long 
as the lenses are reasonably close together. Therefore, 
t E d 
Ty = —7- = —4mm. 
2 T 


Regarding the lenses as a single system, we have 


V hon 


l fl+ay 
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50mm 200 mm 
Fig. S.3.6. Close-up photography, object not located in the focal plane of lens 1 


fo ic (z5/ f2) : Fart. 
——.———— instead of m= f;/f,. 
fi lt-(n/fi) id 
The relative error of magnification is 
= 15 T1 E 0.25 4 


= — 4+ — = — + — 2 0.025 2. f 
óm E F 50 * 390 0 or 2.5% 


Problem 3.4 


50 mm, F/8 means that the objective diameter D is 


(camera) — = = 6.25 mm. 


(i) The angular resolution limit (3.22) due to diffraction alone is (A & 
550 nm) 


(camera) 1.22 - 0.55 um 
e z= ——— = .l . 


(ii) Due to the film alone 


(film) — (1/200) mm 
eig 50 mm 


(iii) The net angular resolution limit due to both film and objective is 


= 0.1 mrad. 


(film) (camera) 271/2 = 2 271/2 — 
(2 ) + (a ) | = [0.1 3- 0.1 ] = 0.14 mrad. 


min min 


The value of a’ for the telescope (Fig. 2.12) should not exceed this value. The 
useful magnifying power is reached when a’ = 0.14 mrad. Hence, 


= De = zener") not spamem, 
because 
[angular resolution of eye] _ 03 ~ 2 
[angular resolution of camera] 0.14 ~” 
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The camera has higher resolution and can resolve everything the telescope 
can resolve at a lower magnifying power - or, put another way, you need less 
magnifying power to reach the angular resolution limit of the camera. 

Note: Most camera lenses are not diffraction limited at F/8. 


Problem 3.5 


The mass of silver in an image is proportional to the optical density D. 
D,cene ER 0.5 = 1 
Dax 4 8 

Roughly 7/8 of the silver is discarded. 


Problem 3.6 


mh,’ 
mh,’ 


Fig. S.3.7. Center of perspective 


(a) Assume two objects with heights h; and h», and distances l; and ls. 
On the film in the focal plane of the lens, 


k = i $= 1.2 
Viewing so that each image subtends the same angle as the object requires 
mh, — ho — hz 
d Lh f 


d=mf' (= 500mm in this case). 


(b) Now view from beyond the center of perspective. If the viewing dis- 
tance / is larger than d, both images are reduced in angular subtense by the 
same fraction l/d. In reality, though, if we move farther from the objects by 
a distance A, hı subtends 
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N EES.. NES D EE... A 
! h^. 144/14 A/S" 
and hz subtends 
h2 a2 

GIA It 
Since l5 < lj, 

(DES M 

Q^ aj; 1+ A/l2 Q1 
The nearer object is reduced more than the farther. But in the photo, they 
were reduced alike. Hence the nearer object appears too large in the photo. 


I 
a = 


Problem 3.7 
Because the image is near the secondary focal plane, we use Newton’s form 
(2.46): 
zz! = —f”, 
where, in this case, 
z = —999. f' = —1000. f’ 
and 
bee oe i 
—1000- f’ 1000 
According to (3.7), with |m| < —1, 


"- M NN 
RP  (100lines/mm) 


If f' = 100 mm, then z' = 100 mm/1000 = 0.1 mm also, so z = —1000 f' is in 
acceptable focus. 


~0O.lmm. 


Problem 3.8 


With his glasses on, the scientist’s near point is 


1 1 
dy = 1p ^ 4m7?5em. 
But with his glasses off, 
1 
d= ——_—__ ¥ 1] 
450 v9 


and the magnifying power is 
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d, 25cm 
c i da "n £23. 


He has achieved a magnification by being able to bring the object closer. 
Alternate proof (see Example 3.3): 


d, 
MP-14—. 
f" 
Removing the glasses is equivalent to using a --5D(f' = 20cm) lens, and 
d, 25 
MP=1+—=1+—=2.2 fore. 
$ P + 20 5 as before 
Problem 3.9 


The equation M P = 1--d, / f' is generally true, as long as d, is the actual near 
point. For a myope, d, « 25cm, and possibly much less. For a magnifying 
power to exceed 2, 


ILI oc Fed 
where d, is the actual near point of the myope and may be < 25cm. Example: 
Near point d, = 11cm, as in Problem 3.8, f' = 5cm, 


= 
MP theoretical = 1+ 7 =ô. 


The myope gains only a i of 3 from a nominally 6 x eyepiece. 


Problem 3.10 


(a) cx’ = —f?, x’ = 160mm = g (tube length). To find f’, use 


160 mm 
m = —F = 40, 
f'-Amm, 
Tz - mm? = SS ies —0.1 mm = —100 um 
160 mm 160 l 
(b) Use zz' = —f”, with « = —200 um (0.2 mm): 
TUE ik 
a = S ga mm 80 mm. 
(c) By similar triangles (Fig. S.3.8) 
6 D/2 


g-z fuz 
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Fig. S.3.8. Scanning confocal microscope 


Find D by 
i = NA = 0.65, 


D = 1.3. f S 5.2mm ,26 = <D = 5mm. 


2 
(d) a = 5.1079 (for uniform illumination). 


Problem 3.11 


h lcm 
(a) Q = T = ia = 10 mrad. 


(b) The magnification of the objective lens is (very approximately) 


LLLA 
1m 


The height of the image is 
h' = mh = 0.05 cm. 


The eyepiece is a 10 x eyepiece, so 10 = 25 cm/fz; f. = 2.5 cm. Therefore, 


/ 


a = s — 0.02 mrad {(2.15) and Fig. 3.14]. 
e 


(c) MP « o'/a =2, 


not MP = moj : MP, = 1/2, 
because the object is not located at dy. 


Problem 3.12 


(a) MP, = 300 NA = 200 
200 = m MP, (3.12) and (3.13), ignoring sign] 
= 40 M Pe 
MP, =5x 
RL = 0.61\/NA = 0.52 um . 
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(b) M Pa = 5Dicm) = 37.5 x 


MESS 


n 
obj 


MP,Jx10x . 


The astronomical telescope is able to distinguish two stars separated by 
10 urad, since Qmin = 1.22A/D = 9 urad. 


Problem 3.13 


1—m 
ô = -pp = ġ(l —m)RL : 
In the paraxial approximation, 
1 
=z; 68 


On the short-conjugate side of the lens, we replace m with 1/m (see Example 
2.3). Then, since m > 1, 


RL 
If we use RL = 0.61A/NA, we get 
0.61 à 
= —,, 3.25 
ay 8) 


as opposed to 6 = \/2N A? by wave theory. 


Problem 3.14 


The angular resolution limit of the eye is a = 0.3 mrad; the angular resolution 
limit of the camera is 
_ RLaim 

obj 


[SENEC = 35 mm (typical 35-mm camera lens). 
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Problem 3.15 


(a) The camera lens (really, its entrance pupil e) should lie in the exit pupil 
e' of the binoculars. The diameter of the exit pupil is 


e = — = —— = 5mm (3.17). 


The diameter of the camera lens is 


/ 
p= fæi _ 50mm ,. m 


H 2 
The camera aperture exceeds the exit pupil of the telescope, but needs only 
to be same size. Therefore use a camera with F-number 


/ 

ó- << = 10. 

(b) If the camera is diffraction limited (it could be at F/10), then resolu- 
tion will suffer if it is stopped down beyond F/10 (smaller aperture). If not, 
it is safe to reduce the aperture until the diffraction limit of the lens is about 
the resolution of the film, but exposure will be reduced. 

(c) The entrance pupil of the system is 100 times the area of camera lens, 
or 100 times the light-gathering ability. But the image area is also enlarged 
100 times, so the irradiance of the film is the same as without the telescope. 
Therefore, exposure is given by the F-number of the camera, for F-numbers 


2 10. F-numbers « 10 are the same as F/10, because then the effective F- 
number is determined by the diameter of the exit pupil. 


exit pupil of telescope 
and entrance pupil of the camera 


Fig. S.3.9. Connection of telescope to camera 


Problem 3.16 
(a) 6 = RL/ fo, = 1 mrad, or 3 x poorer than the eye. 
(b) amin = MP,-1.222/D = 1 mrad (3.23) 


1 mrad 
1.22A 
That is, it takes a smaller diameter to reach the useful magnifying power, 

because the camera has lower angular resolution than the eye. 


MP, = D S 15 - Diem - 
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Problem 3.17 


See Problem 11.1. 


Chapter 4 


Problem 4.1 


Lg = Locos" 8 
d^$ = (LodS)2z sin 0 cos" *! 0 d0 (4.15) 


8o 
ddcone = 2r Lod S / cos™*! @ sin 6d 
0 


8o 
= 2r Lod S i cos™*! Qd(cos 8) 
0 


_ l m+2 go 
= 2r Lod S 2: 3 [cos 6] ò 
Qn 
ee d ee m+2 . 
"NE odS - [1 — cos™*? 0o] 
Check: When m = 0 
21 Lo 


dS (1 — cos? 85) = v LodS sin? 6, . 


dg = =; 


Because 1 — cos™*? 6, falls faster with 8o (for m > 0) than does sin? 69, more 
power is radiated into à narrow cone. 


Problem 4.2 


Power falling onto dA from dS: 
d’ = LdScosód(2 (4.2), 
where L = E/27 (4.23), and 


dAcos@  . cos?60dA 
usus (l/cos0)? | P? 


To integrate over dS, transform from r to 6: 


r — [tan6, 
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Fig. S.4.1. Lambertian diffuser 


Take 
dS = 2zrdr = 27l? sin 6d6/ cos? 0 . 
Therefore, 


E 2nl* sinédé dA 3 
d?$ = on z ERU CN ' cos 0-7 cos? 6 


= EdAsinĝcosðdð fcf. (4.15)]. 
ĝo 
dọ = EdA - [ sin 0 cos dé 
0 
= EdA. ; sin? 0) = E'dA 


1 
E' = ; Esin? bo > zE when ĝo —> 90°. 


Note: With a reflecting diffuser the factor of 1/2 is absent and E’ = E. 


Problem 4.3 


Very roughly: the irradiance at h = 0 is that due to half a hemisphere, or 
E' = E/A4. If h is not large, assume, approximately, that 

n/2 

'& P [sin dco 008, 

9 
from Problem 4.2, where tan 6, = h/t. Therefore, 

E 1 E" E 
p . 2 (2 — sm 0o] — 3 65 % . 
The film latitude is +1/2 F-stop, or a factor of /2 = 1.4. Therefore, the 
width of the exposed area is approximately the value of h for which 


E' (89) = 


= tan 30? = sin 30? = ; 
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Problem 4.4 


(a) Assume the pinhole with diameter d = 0.07cm is a Lambertian diffuser 
with radiant power 


oo = My AAAS. 
where dS = zd?/4. With (4.17) and 


the power radiated into the solid angle f? is 
ó = M,AAdS(NA/40)? = 4.6 - 107? uW . 
This is same power that will be coupled into the fiber. 


(b) NEP = (10-1! W /4/Hz) - V10Hz = 3-107"! W. 
The output power of the poorest fiber is 


4.6 - 107? pW - 0.01 = 4.6- 1077? W > NEP. 
The detector is OK. 
Problem 4.5 


(a) d?ó = LdAcosódf2 through the lens 


dS cos 6 
aues (L/ cos 0)? 
d?^$ = LdA costo - > 


If there is no loss in the lens, all the power emitted from dA passes through 
dS’, so 

d? 9' dA  ,, dS 
E clas tm 


If m = (linear) magnification, d5'/dA = m? and I?m? = 1? so 


dE' 


dE = 2p dS = Z dS 
| L cos* 0 
If dS = 1D? /A, EE D oc ond 
mD*/4, dE 4 C/D} 


as in (4.34). 
(b) The apparent radiance of the lens is equal to that of the source. 
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Problem 4.6 


(a) The force on the electron is: 


= eE = e— =m— = 
F=e e7 ma ma 
| dv F eV 

dt m md 
TE Lm 

~ md p 

2 

Pepi a when vo = 0 
REN 

Fia 


v E peed 
~ dt 7 md 

V 2 

= t — 

T = Up T Ep 
When z = d, t = T, so 

eV , 

quel + voT 


If we assume vp = 0, then 


2m 
= dy T . 
7 eV 
For the case that V = 3kV and d = 2mm, 
T = l20ps. 


Fig. S.4.2. Schematic of a vacuum photodiode 
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(b) When vo = 0 the final energy of the electron is 
E = eV = 3000eV > leV. 


The initial energy is small and can be neglected. 
(c) When d = 1 em and V = 100 V, 


2 
x aod 34ns. 


The final energy of electrons is 100eV > 1 eV, so, again, variation of transit 
time is not the overriding factor. 


Problem 4.7 
R,-AR 
Vo 
R, 
Fig. S.4.3. Voltage divider circuit 
Ry 
VL = V light off 
L 0 Ra + Ri ight o 
, Ry r 
V= light on. 
ma — ARAR um 
The signal voltage is 
1 1 
AV =V -VW mWh|-——————-————— 
zi d a. d EORR x33 


"a 1 
ue rs at | 
"Ri + Ra f — RoR | 
RL AR 
zy L———-i14 — — 
RE | Ry Ra 


C a 


(Ri + Ra)? © 


] for small AR 
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Maximize AV, with respect to Ri: 


d(AW) | WAR . 2WRLAR _ 
dR, B (Ri + Ra)? (Ri, 1 Ra)’ 


2RL 24 
Ru+Ra 


Ry = Ra. 
Note that the therorem is true only when AR < Ra. 


Problem 4.8 


N is the number of incident photons per second and also the number of 
released photoelectrons (100% quantum efficiency). The photocurrent is 


i~ex fA 
and the ratio of photocurrent to power P is 


1 eN € i 
p AR w 25" 


when hv — 2eV. 


Problem 4.9 
d?¢=LedScos@dQ (4.2) 
= -20 dS cos bdh 
cos 0 
= LodSdN power radiated into a cone. 


Power radiated into a hemisphere (f? = 2r) is 


dóo = Lod S dQ = 21 LgdS 


hemisphere 

d?ó _ LodSdf) (df? 

dóo  2zLodS 2x 
This is the result for a uniform point source or a small Lambertian sphere. 


Problem 4.10 
First, calculate the photocurrent (use amperes and watts exclusively to avoid 
conversion problems): 

P =10 ÊW =1uW 

i=0.9-P=9-10-7A=0.9pA. 
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Thermal noise: 
k = 1.38-10-%J/K, T=300K, R=10°, and Af =3Hz 


1/2 
im c ) =2.2.10 73A 22x 1077 pA. (4.62) 


Shot noise: 


e = 1.60-1071? C 
is = (2-e-i- Af)? 293.10 !) Ax 9x10" pA. (4.63) 


Relative intensity noise: 
First calculate Av : 


c— 3.105 m/s, A— 13-10-95 m, AA = 10-107? m, ES 


and Av — „2, 


TS A AUT. . 
ÍRIN = (Z) -i=6.3:10 A 26x 10-"pA. (4.64) 
The shot noise is the largest, but no source of noise dominates. The signal- 
to-noise ratio is therefore approximately 
SNR = ——— 5 vmm —79-.105»1, 
(i$ + ith + thin) 
so the signal is easily detectable. 

This assumes that we are measuring the photocurrent within the band- 
width A f, as with a lock-in amplifier. It is equivalent to projecting the noise 
onto the optical beam and is therefore sometimes called the optical signal-to- 
noise ratio. If we were measuring electrical power, then we would square the 
result: 


SNR? =6.2-10"!. 


This value is often called the electrical signal-to-noise ratio. 
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Chapter 5 


Example 5.1. of Sect. 5.4.1 


0' is the angle of refraction, that is, inside the glass. We need to know the 
phase difference between ray AG and ray ABFC. Since AF and GC are wave- 
fronts (perpendicular to the rays) the phase change from A to G is equal to 
the phase change from F to C. We need to know the phase change from A to 
B to F: 

2T7 


ABF = An [AB + BF] icf. (5.36)] 


Paper = M ad cos, 


where A — A/n inside the slab. For (say) constructive interference, we would 
have 
4T 
A 


mA = 2nd cos 0' . 


nd cos 0' = 0, 2r, 4r, ... = 2mm 


Note: This treatment has ignored the phase shift on reflection. 


Fig. S.5.1. Reflection by a slab 
B with index n 


Example 5.2. of Sect. 5.5.1 


(5.56) becomes 


ec ikr +b/2+ s0 , , 
E(0) =Å / e ikssind a. 
r —b/2+ 850 


Change variables, s' = s — $9: 


e o o +b/2 , 
E(@) — A nme y e iks sinô qf 
r —b/2 
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Fig. 8.5.2. Off-axis Fraunhofer diffrac- 
tion by slit 


b/2 | 
i center of slit 


So 


b/2 we p optical axis 


which is the same as (5.56) multiplied by e7i*5o5/^?. This phase factor does 
not affect the intensity, which is still centered at 0 = 0. 


Problem 5.1 


Add intensities because they are different wavelengths, therefore incoherent. 
No interference is seen when a maximum of A, coincides with a minimum of 
A2, as shown in Fig. S.5.3. That is, 


mA; = dsin6,, maximum of A; 


1 
(m + 5)A2 = dsinÜ, minimum of A;. 


~ 


1 
m + 5)2 = mA 
A2 A+ AA = Th 


with A = Ae or Ai 


= 


P» A. mz1/2' 

AAA aAA M ua. when m > 1 
À À m+1/2 2m’ 

AÀ 1 

à m 


E 9 Fig. S.5.3. Interference pattern of two wavelengths 
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The source is completely incoherent (well, almost), when the first fringe is 


washed out, that is, when m = 1, or 
Ar 1 
p 

This is roughly the case for visible light, for which; À ~ 500nm and AA ~ 

300 nm. 


Problem 5.2 


E = Ae~ilke-wt] and E; = Ae iz (w+ Aut] 
E, + Ej = Ae 7er] (1 + eidvt) 
By + Ez = Ae! . 29~i44t/2 cog(Awt/2) [from (5.21)] 
I = |E, + E; = 4A? cos?(Awt/2) . 
Likewise, by examination 
I = 4A? cos?(Akr/2). 


The waves are in phase at t = 0, slowly go out of phase and then back into 
phase at later times such that 


Awt 274A 
-— = 0, e. NE = E 
Avt z 0, 1, 2... 
That means constructive interference occurs when 
x 1 2 
~ Av’ Av’ 


Problem 5.3 


(a) Let L be the distance between the source and the screen (see Fig. S.5.4). 
The screen sees two points separated by 


d = 2naL, 
where o is the prism angle. Therefore, 
I = 4A? cos? (2 noL sin 8) , . from (5.37). 


(b) A virtual source is located at —d/2 (Fig.S.5.5), but with a phase 
change of 7/2. Therefore 


M e on E a E 
I = 4A* sin (Sdsine) i 
where sin 0 ~ h/L. 
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Fig. 8.5.4. Fresnel biprism 


Problem 5.4 
sin? NB 


I= A’ 


sin? 3 
where 5 = (7/A)d sin 0. Using the rule of l'Hópital: 
lim [ 3, sin? NA 
"i lim E. sin? 8| 
7 you [2N sin N 8 cos NG) 
lim [2 sin B cos 8] 
The denominator still has a zero in it, so use the rule again: 
lim [2N? cos? NG + 2N?(— sin? N 
lu Oo, ci a) 
8—0,.... lim 2 [cos? 6 — sin? £] 


_ 42lim [2N? cos 2N 8] 


— N2 42 
lim [2 cos 26] mas 


a L 


Fig. S.5.5. Lloyd’s mirror 
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Problem 5.5 
E-ri4rge |? 
I — r2 +r? 4+ rir2e'? + rir26 779 
=r? + r2 + 2riracosġ. 
Use the theorem cos ¢ = 2cos?(¢/2) — 1: 
I — r2 4 r2 — 2rire + drir2 cos? 9/2 
—í(n- r2) + 4rir2 cos? $/2 . 
Check: When r; = 72 =r, 
I = 4r? cos? 6/2. 
This is consistent with (5.23) and (5.47). 


Problem 5.6 


(a) The phase changes are the same at both interfaces. Therefore, there are 
maxima where mA = 2nd or A/4nd = 1/2m, and minima where (m4-1/2)A = 
2nd or A/4nd = 1/(2m+1). Since n < n, this coating antireflects; the maxima 
are equal to the reflectance of the uncoated glass. 

(b) See Fig. S.5.6. 


1/7 1/5 1/3 1.0 


À/4nd 
Fig. S.5.6. Reflectance of the antireflection coating 


(c)The high-index coating is exactly reversed because of the phase change 
on reflection is m at only one surface. 
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1/7 M5 1/3 


——————MM ————MÀÀ————À— À——] !À—— 


1/61/4 1/2 1.0 


A/4nd 
Fig. S.5.7. Reflectance of the high reflection coating 
Problem 5.7 
(a) The OPD between r and r; is 

OPDí(r,r)) = 5 sin . 
But sin@ = A/b, when @ is at the first minimum, so 


OPD(r,ri) = : : 
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Every point in the aperture is paired with another such that OPD = A/2 for 


those points; therefore, there is a minimum at that angle. 


(b) We use the sag formula (5.65) to calculate the optical path difference 


(D/2? -à 


hed 7115 *a^ 


For true Fraunhofer diffraction the rays would be parallel and the OPD would 
be 0. According to Sect. 5.5.6, wavefront aberrations that are smaller than 
A/4 yield very nearly diffraction-limited imagery, so the diffraction pattern 
approximates Fraunhofer diffraction. 


a single slit 


Fig. S.5.8. Fraunhofer diffraction by 
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Fig. 8.5.9. Diffraction by a circular 
aperture 


Problem 5.8 
Generalize a to 


ẹ-ikr pd+b/2 ^ — 
E(0) = x P e — | e ^s sin 6 ds 
p 


d—b/2 


b/2 
e-ikr N e~iks sin 8 paru 


=A = —ik sin 0 


pd— pia 


 sin[(kbsin6)/2) $ _ikpdsing 
E(0) = A— rmi ik sin 8 2 


(compare to (5.57) and (5.39)). 


p=1, s-0 


Fig. S.5.10. Diffraction by a grating with finite slits 


Problem 5.9 


(a) The width of any zone is equal to As = Sm — 8m_1. Use f' = s2/A (5.78) 
and (5.75) to show that 


s2, = mAf' = ms? 
atin = Ams? = s? when Am=1,s0 


2 1 
LONE 
dica 
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The film must be able to distinguish between a clear zone and a black zone. 
Therefore, set the resolution limit RL equal to the width of the zone: 


Af’ 

Res 2s 
A 

A ORE, 


(b) A lens with this radius and this focal length will have a resolution 
limit 
1.224//  122Af'  1.22Af' 


RLyens = pw. ne 2RL = 1.22 RL, 


Or 
RLiens ~ RLgim . 


That is, the resolution limit in the focal plane of the zone plate is approxi- 
mately the resolution limit of the film used to make the zone plate. This is so 
because ultimately it is the resolution limit of the film that determines the 
amount of information that can be stored or made available. 


Problem 5.10 


For one slit 


(b/2? _ (10um/2)? 
A  . 0.5um 
The observation plane is just into the far field of the single slit. But for the 
screen as a whole 


S? _ (130/2)? 
à 05 
where 2S is the overall width of the screen. The observation plane is thus 
well inside the near field of the whole screen. Look at the diffraction pattern 


of the single slit: 


= 50 um. 


um ~ 10* um > 200 um, 


S | 20 um 
L TE 
—— 10 um 
0.5 um 
à 200 um 


Fig. S.5.11. Screen of five slits 
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do Mu ——* 


Fig. S.5.12. Diffraction pattern by screen of five slits 


0.5 
10u 
But the slits are 20 um apart, so the diffraction patterns barely overlap, and 


we see very nearly five isolated single-slit diffraction patterns, 20 um apart 
(Fig. S.5.12). 


27 x 200um = 20 HE mx 200 um = 10 um. 


Problem 5.11 


Fig. 8.5.13. Slit with a hair 


Assume that the hair does not perturb the diffraction pattern of the aperture 
near the zero point. Then we expect a strong maximum with width 2A/B 
(Fig. 8.5.13). Away from 0, we use Babinet’s principle and conclude that the 
diffraction pattern of the hair is equal to the pattern of a slit with width 
b. According to (5.59b), its intensity is down by (b/B)? with respect to the 
central maximum. 


Problem 5.12 


The viewing screen is at F”, but the object is focused at A’ (see Fig. S.5.14). 
The OPD between ray 1 and ray 2 is 


OPD aif a9) wi | ems sa. 
|». \ cos (1 —62)1/2 — i 


To calculate the depth of focus, we set this OPD times n equal to A/4 (see 
Sect. 5.5.6): 
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Fig. S.5.14. Depth of focus 


5'/cos@ 


2 
The numerical aperture is NA = n6, so 


5 = 1A 
2NA? — 
If we were to use the geometric-optics formula (3.7) with m = 0 and | — —oo 
and 
RL = 1/ RP = 1.22A¢, 
we would get in air 
ó = ġ - RL = 1.2222? 
;., 1-224 
“ANA? 
which is not too bad an approximation. 


Problem 5.13 


Let n = 1 for an ordinary lens in air. When 6’ is large, the optical path 
difference between rays 1 and 2 is 
90? D? 
2 sf? 
For an arbitrary height y (D is the lens diameter), the optical path difference 
is 


— MA, not A/4. 


y? 


Fig. S.5.15. 
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Using the first equation to eliminate 6’, we find 


gf? 
D? 


so OPD(y) — da aes he MM) = MA A. 

When OPD(y) = A/2, ray 1 Dan destructively with ray 2; when 
OPD(y) = 2- 4/2, ray 1 interferes constructively; and so on. As with the 
Fresnel zone plate, if we block zones of destructive interference, we will leave 
only zones of constructive interference. The mth zone is given by 


mo 4M X 
OPD(y) = -> = 7g —— Ym 


fs 
Um — xX vim; 


same as Rs zone plate. 

Note: Correcting defocus in this way is using the first order of the zone 
plate. The other orders will cause foci elsewhere and, hence, veiling glare. 
Probably only a few wavelengths of defocus can be compensated in this way. 


ó = : MA, 


Problem 5.14 


I, (d) = 4Ig cos? (s) 
at any one frequency. 


wot 4w/2 
Trotat(d) = f AIo cos? (=) dw 
wo —- Aw /2 c 


lwd 1 , (QT 


I d) = 4], —-— + > f 
total (d) 0 JE ; Fa c) ee 


Use sin(a + b) — sin(a — b) = 2cosasinb: 


Trotat(d) = 2195 E + cos (2 sin (52)] 
d| c c c 


in (Awd 
= 2w f + cos c3 a 
c } (2) 
The term in brackets is the interference term. It is a constant when 
Awd 


CT 
——=7, or d=—. 
c Aw 
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Problem 5.15 


To see interference, the rays must be made nearly parallel. Therefore, they 
are combined with the two mirrors near the center. The coherence width is 

AL 

26° 

where L is the distance to the star and 6 is its diameter. a = 6/L is the 
angular subtense of the star, 


de 


d= A/2a . 
To measure a, we increase B to the point where the coherence is 0: 
À ; 
B = d = — = 0.5 um zx 25m. 


2a 2x 10-8 rad 


You can reduce the baseline if you can measure the fringe visibility accurately 
enough over a smallish fraction of B. 


Problem 5.16 
(a) The speckle diameter is approximately 1.644. Half the speckles are bright 
and half are dark. If N is the number of bright speckles, 


Si o m"d/A 
~ 27(1.64L/D)? A 


1 (dDY 
5 (AZ 
(b) The uncertainity of the measurement is the standard deviation of N. 
For a Poisson distribution, 


AN = N!” 
AN__1 | 14D 
N NB JAL 


d N Fig. S.5.16. 
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For 1% precision, N!/? = 100, or N = 10^. This determines d if D and L are 


fixed. 

Note: In reality, speckles are not indivisible (and also do not have the 
same intensity), so this estimate is inaccurate for a small detector, where 
a significant fraction of the bright speckles may lie across the edge of the 
detector. 


Problem 5.17 


: 
j 
curtain | 


Fig. S.5.17. Lamp behind a curtain 


At the location of the curtain, the coherence width is delineated by (5.98) 


d= 2L ~ 055m x 20m inm 
NE x 2x5cm pic f 


It might be interference, provided that the weave of the curtain is finer than 
10 threads per millimeter. More precise measurement is necessary. 


Problem 5.18 


The speckle radius is 
- 1.6-AL _ 1.6 x 0.633 um x 1cm 
cm We a 2mm 


To be invisible to the eye, the speckles must move faster than one speckle 
radius in 1/30s, so the angular velocity of the disk is 


£ 5 um. 


5um/ 4s 
> Sum/gjs .— —— rev.s ^! < l rev. min"! 


^ 9r x 25cm 1000 


Both the speckle radius and the velocity would be magnified, so the result is 
independent of magnification. 


2mm 


disk rem 


Fig. S.5.18. Quasi-thermal source 


Problem 5.19 


(a) Assume that the condensing lens is filled uniformly with light. Then 


0.16AL 
de = 5 1 
where ĝ/2L = N A., so 
_ 0.16A 0.08A 


= INA. NA 


0.61A 
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The system is coherent if d. > RLo or when 


0.08A _ 0.61A 
NA.  NAo' 


0.08 
NA, « 3.61 ^ Ao = 0.13 N Ao . 


| NA, 


é 


| NA, 


MO 
Fig. S.5.19. Microscope illumination 
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Chapter 6 


Problem 6.1 


(a) Blazing means that the center of the diffraction pattern of an individual 
ruling coincides with the interference maximum of wavelength A, in first order 
(see Fig. S.6.1). The maxima of A, are found where 


: Ay 2A 
sin = 0, d s A 
[ 
m= 0 m = m=2 
,"7"3**. x 
ve. Pa orders 0 and 2 
Pol dis ~M missing 


Fig. S.6.1. Missing orders by a blazed grating 


But the width of the diffraction envelope is À1/b, and b = d for a properly 
ruled grating. 

(b) For the wavelength 2\,,m(2A,) = dsin@ , so 
2X1 4A 
E e x — 
But the center of the envelope is at sin 0 = A /d (not 2A, /d) since the grating 
is blazed for A; and not 2A, (Fig. S.6.2). 


sin 9 — 0, 


Problem 6.2 


(a) mA = dsin6, or 


d — (1/714) mm — 1.4 um. 


If m = 1 and A = 400 nm then 6 = 17°, 
if m = 1 and A = 700nm then 6 = 30°, 
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, Ist order of 2A, 


* 


0 A/d 2À,/d 3A,/d 
sin 0 
Fig. S.6.2. Relations for the doubled wavelength 


if m = 2 and A = 400 nm then 0 = 35°, 
if m = 2 and à = 700nm then 0 = 90°, 
So there are two complete spectra, one between 17? and 30 ?, and one between 
35° and 90°. 
(b) The spectra will overlap if 
1 - (700 nm)/d > 2- (400nm)/d 


that is, never! You will get an overlapping of the spectra and potentially 
incorrect results only with a wider spectrum. 


Problem 6.3 


À 
Amax E Amin = AA=— ’ 
m 
where À is the mean wavelength. With orders 1 and 2, it is more practical to 
write 
1A, = dsin@ = 2A2 
A2 = A2/2, 
In the first order, we find an overlap of orders when we span a factor of 2 in 
wavelength. 


Problem 6.4 


At the center of the interference pattern 
mA = 2d. 


Away from the center the orders appear where 


388 13. Solutions of Examples and Problems 


2 
(m — p)A = 2dcos@ « 2d ( — 3 


(small 8). Subtract the equations: 
pA = dé? , 


or in the focal plane of a lens 


1/2 
r= f'0-J' (5) ; 


Note: If the center of the interference pattern does not display a maximum, we 
can still write m’A = 2d, where m' = m+p(p < 1). The result 0 = (p'A/d)!/? 
still follows, but p' need not to be an integer. 


Problem 6.5 


Assume that the step is roughly the diameter of one mirror. There will be 
two transmittance maxima, where 


mA 2d, and mA=2dth). 


Assume that the profiles add incoherently. The second peak will appear as a 
second wavelength 


mA — 2h = 2d, or 
2h h 
A apparent = ae = i^ . 
The transmittance maximum will be broadened noticeably when AAapparent 


is comparable to the instrumental linewidth, or 


h 1 A? 

oo ge ae 
À 

TP 


If MW = 50 and A = 500 nm, then hmax = 5nm. Typical optical glass flats 
have an r.m.s. roughness of 2-3 nm. 


Fig. S.6.3. Influence of the surface quality 
0 mA = 2d mÀ = 2(d +h) on a Fabry-Perot interferometer 
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Problem 6.6 


(a) Scanning interferometer with point detector. For wavelength À, mA, = 
2d(0 = 0) exactly. A2 will be resolved if its maximum appears at angle 
0 > A/D (D is the limiting aperture). That is, 


À A? 


Subtract: 
d 
= 2., 
AA = (A/D) —. 


(b) Photographic operation. 


A0 


Fig. S.6.4. Resolution limit of the Fabry-Perot interferometer 


mA = 2d cos 0 
mAX = 2dsin 6A@ 
| m&x 
— 2dsin0' 
Set this equal to A/D for minimum resolvable separation: 
A 2dsin6 
AA = Dp 


AA depends on 0 because the rings get closer together as 0 increases but 
A/D remains about constant. When 6 is so small that the rings move into 
the center, case (a) pertains. Case (b) will give a better resolution if 
à 2dsin6 " Xd 
D m D?m ' 
Or 
À 
sin z 0 < —. 
2D 
But in case (b) sin 6 is almost always > A/D, so case (a) gives slightly better 
resolution, presuming that diffraction is the limiting factor. 
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Problem 6.7 


mAg = 2d at normal incidence, 
m(Ao — AA) = 2dcos8 at oblique incidence. 


Substract: 
9? 
mAX = 2d(1 — cos@) = 2d h ~ (1 -— z) = 67d 


g2 — MAA  2AA 
p 


In reality, commercial filters show substantially greater angular sensitivity 
than is predicted by this equation, probably because of dielectric layers ex- 
ternal to the metal layers. 


Problem 6.8 


The instrumental linewidth of the grating is (6.7) 
À 


We set this equal to the free spectral range of the Fabry-Perot interferometer: 


mN  2d' 


Chapter 7 


Example 7.1. of Sect. 7.1.1 
(a) The two most distant object points give rise to the highest spatial fre- 
quency: 
OPD = X= 2dsing 
The finest fringes are therefore given by 
A 


min = Saing ` 
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photographic plate 
Fig. S.7.1. Grating spacing introduced by recording of a hologram 


(b) The reconstruction spreads into a range of angles, the smallest of 
which is given by 


À = dmin(sin 0 — sin 0") 


(sin 0 — sin 6") . 


2 sin ġ 
To avoid overlap with the object beam, we must make @’ > $, so 
sin 0' = sin — 2sin ó > sing , 
or, approximately, 
036. 


Since the object subtends 26, this means that the reference beam must orig- 
inate from a point 3 times as far from the axis than the most extreme object 
point. The theorem is precisely true only for Fourier-transform holograms 
(for example, matched filters), since we have tacitly assumed that only plane 
waves are falling onto the plate. 


Fig. S.7.2. Angles at reconstruction 


Problem 7.1 


= A? + A? + AA, [eto ES eos) (7.4) 
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Fig. 8.7.3. Avoiding the overlap 


The first two terms (tg — BE ) give (7.65); the third term gives 


gat- gu [42 + A2 + AA, (e 9-9» + eve] 


£2 . f 
é* = (A? d 42)? +2? (A? + A?) Ai A, (o a e sw) 


+424? (eso re e i9)" | 
The last term results in 
A242 (esit com 4 e 2o) 4 2) 


Assume that A? is constant (reference wave). A2 is the square of the ampli- 
tude of the object wave. 

The complex-exponential terms represent waves traveling at twice the 
angles of the reconstructions. They are, however, distorted by the term A? 
and appear at different locations from the reconstruction given by (7.9). 


Problem 7.2 


The finest fringes have a grating spacing d of (7.11) 
A 


sin fmax 


reference 


o Fig. S.7.4. Off-axis hologram 
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To resolve the fringes by the film requires that 


d= RLgim, so 
h À 
sın Omax = T ~ Riin 
The resolution limit of the reconstruction is 
Al Al 
RL rec ~ RI RLgtm 


ko URL 


(compare to Problem 5.9). 


Problem 7.3 


photographic plate Fig. S.7.5. Thick hologram 
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The fringes are perpendicular to the surface, by symmetry. The hologram 
can be considered thick if the incident ray of light intercepts more than one 


fringe. 
In small angle approximation, 
À 0 
ZG — and 0'2 —. 
go 2n 
The emerging ray just intercepts a second fringe if 
d 8 
t 2m’ 
or if 
TEL 
T À 
Problem 7.4 


When l — l’ exceeds the coherence length l, there will be no fringes and 


therefore no reconstruction. To find h, we use 
h? +Ê - 7. 


But l’ — | = le when the degree of coherence is 0, so 
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h= Vl.(l. + 2l). 
When l > le, 
hz Jf2l-l.. 


This result is independent of 0, so the line segment labelled h need not lie 
in the plane of incidence. The parts of the object that are outside what is at 
least roughly an ellipsoid with semiaxes l. and h will not be recorded by the 
photographic plate. 


Fig. S.7.6. Influence of temporal coher- 
Oo photographic plate ence 


Problem 7.5 


(a) The first diffraction order just passes through the lens (see Fig. S.7.7) 
when 
1-A\=dsinOd=d-NA, 
A 
dmin — NA 


Fig. S.7.7. Resolution of optical sys- 
tems 


(b) In this case zero order passes through one edge of the lens and first 
order through the other (Fig. S.7.8), so 


mA = d(sin i + sin 8) (6.2) 


becomes in this case 
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Fig. S.7.8. Resolution at oblique illu- 


mination 


1-A = 2dsin0 = 2dNA , 


or 


1 À 
ie = 3 (a) 


(c) In the case of dark-field illumination two arbitrary, adjacent orders 
m and m + 1 pass through opposite edges of the lens (see Fig. S.7.9). If the 
object is on the axis of the lens, then 


6m = —0, and 04,,1—60 (6.2). 
Thus 

mA = d(sini — sin 0) , 
and 

(m+ 1)A = d(sin i + sin 0) 
Subtract: 

A = 2dsin@ = 2dNA , 


and 


1/ A 
dma = 5 (Gea) 


Note, though, that in (b) and (c) the image will have twice the correct spatial 
frequency. This is related to the halo seen in Fig. 7.11 and in phase-contrast 
microscopy (Sect. 7.2.5). 


Fig. S.7.9. Resolution at dark-field illumina- 
tion 
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-(——- 


fib 


Fig. S.7.10. The diffraction pattern of a 
short slit in the entrance pupil of a micro- 
scope objective 


Problem 7.6 


(a) MP = (160 mm)/f' = 40 
f’ =160mm/40 = 4mm 


I. 1... 1 
D 2.065 13 
t 


(b) The far-field distance is 


2 2 
LEE ET yai gare Wei 
A 0.5 um 
Because D < 20mm, the slit may be considered to be in the near field, as 
far as diffraction vertically is concerned. Hence, the top and bottom edges of 
the slit cast shadows onto the objective. 

(c) If b is a few micrometers, the lens is in the far field, as far as diffrac- 
tion horizontally is concerned. Thus, the diffraction pattern of the slit is a 
sinc? function whose width is Af /b and whose height is approximately h, as 
shown in Fig. S.7.10. Because h « D, the lens truncates the one-dimensional 
diffraction pattern at +D/2, independently of the shape of the lens. (Note 
that there is light only along the horizontal axis.) 

(d) If the slit is long, then its diffraction pattern extends vertically 
and covers the entire lens, not just the horizontal axis, as is indicated in 
Fig. S.7.11. Simple, one-dimensional imaging does not apply. Case (c) is of- 
ten relevant to imaging of, for example, features on integrated-circuit masks. 


Problem 7.7 
gr E — d9(z). 2nif aq. . 
dr dE 


Integrating by parts: 


F r3 = g(z)e ^"* 


ME f g(z)( —2ni f, e idz . 


"oO 
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Fig. S.7.11. The diffraction pattern 
of a long slit in the entrance pupil of 
a microscope objective 


If we assume that 


lim g(x) =0 


r—doo 


we find that 


A 
F E = nif, | g(x)je °? tdr x frG(fr) - 
— oC 

If we could differentiate an object, we would get f,G(f,) in the frequency 
plane. The inverse transform would give us back the differentiated object. If, 
however, we multiply G(f,) by fz and take the inverse transform, we will get 
the derivative of the object. 

Why to 4- bf,? Because we would need a phase shift of 7 to get — f; in the 
frequency plane (this is not impossible, but hard). The extra term to gives 
rise to an inverse transform with two terms 


dg(x 
t= tog(z) + b22 
dr 
The intensity in the output plane is then 
2 i 
I = |g(z)|* +b dolz) PEC AC + gto 9) 
dx dz 


For a phase object g(x) = e'?, the last two terms eliminate each other, and 
the first term results in |g(x)|? = constant, so in this case we display the 
derivative. For an amplitude object, however, g(x) and its derivative are 
superimposed. 


Problem 7.8 


The Fourier transform of g(x) is 
b/2 
. TL uf 
E( fr) = f cos -y€ amifzt dy | 


Using cosa = ¿(e° + e^): 
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Fig. 8.7.12. Apodation 


b/2 NS 1 b/2 l " 
E( fz) = 35 e 71(2/«—713)294 + 2 AR e Ti(24 9 1)2ga. ; 


This is similar to (5.56), so 


2 4 


In terms of position £ in the frequency plane, 


1 
E(f.) = > sinc 7 (s.0- ;) + EN uU ;) 


Eck. 
f= 3P SO 


E(€) « sinc | (55; — 5) + sinc E 5; + ;) 
= sinc | (& — 3) + sinc |r (s + 3) l 
RL 2 RL 2 
The peak of each sinc function occurs where 
T (& i ;) — 0 , that is, where £ = zinr, 
RL 2 2 
and the width is RL = Af'/b. 


The "feet" (secondary maxima) partially cancel each other where £ 
2RL: the first secondary maximum of the sinc function has an amplitude 
of —1/(37/2), the second has an amplitude of 1/(57/2). The sum of these 
values is —(2/7)(1/3 — 1/5) = 4/(157) = 1/10 with an intensity which is 
nearly 1/(15)? the central maximum or 1/4 of the corresponding value of the 
uniform aperture. The width of the principal maximum, however, is about 


(3/2)RL. 
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Problem 7.9 


g(x) = e*t? (7.33) 
~1+id(x) — ¢*(z) (cf. (7.34)] 
b/2 
G(fr) =f [1 4- ió(x) m $^ (a)] e 27 fat dr 
—b/2 
=Gi(fr) + iGo(fe) ^ Ga( fr) - [cf. (7.38)] 
where 


b/2 . 
Ga(fz) = f Pee rds. 


The phase plate transforms G1(f;) > iGi(fr): 

G' (fe) =i[Gi(fe) + G2(/2)] -Ga(fz),  [cf. (7.42)] 
and 

g(x’) = i[1 + o(2')] — ó*(2^). [cf. (7.43)| 
The intensity is 

lg (z^) = 1--26(2") + ó^(a")  ó*(a). — (e. (7.44)] 


The dominant error term is $?(z/), which results from G2, but not G3. Sup- 
pose we require 


TE = EET 
p(z’) < 5 2$ ), 


2 
/ 
G(x’) < 10 rad . 
In terms of the wavelength A, 
2 lA À 


10 * e 30° 


Problem 7.10 


According to (7.61) the OTF is given by 


— 00 


d/2 TM 
oa f roe 2 fez da’ 
_d/2 


= rodsinc (m f,d) 
(compare to (5.59a)). The OTF is 0 when 
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tfhd=nT, 


or 


that is, when the spatial period of the bar structure shown in Fig. 7.22 is 
equal to the width of the impulse response, the object is not resolved. When 
fx > 1/d, the OTF becomes smaller than 0. This signifies the phase shift in 
Fig. 7.23c. 


Problem 7.11 


Fig. S.7.13. Resolution of spatial frequencies by optical imaging 


The two waves will overlap at 6/2 only until 0 becomes so large that the 
bottom-most ray (Fig. S.7.13) of the diffracted wave crosses the image plane 
at 6/2 instead of at 0: 


6.(6) = (5 - 5) jis t (cf. (7.68)] 


w 
$026. - z5» (68) 
SO 
ô 
0.(0) = 0. — a 
Eliminating l’ (7.69) 
" D |. mD 
NE MEN 
we find that 
ô å 
0.(0) = 0. - ——À En — ——— i 
«(8) = 8 D/O, «| 5l 


Using f. = 0./A we find that 


ô 
f. (8) = f. 5 P 
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Problem 7.12 


2f. 2f. 
[22 Fig. S.7.14. MTF 


The Rayleigh resolution limit is 1.22Al’/D. The corresponding spatial fre- 
quency is (m — 1) 

2f. 

1.22 

In one dimension, we use similar triangles: 


dol TR 


fe = (1.222/D] ! = 


2 
= —— } = 0.15. 
7 i) 4 


Problem 7.13 


Consider the amplitude image. It is the convolution found by sliding the 
impulse response across a step function and integrating. At the location of 
the edge (top drawing) the value of the integral (shaded area) is 1/2; this is 
the 1/4-intensity point. The value of the convolution keeps increasing until 
the zero is right at the edge (bottom drawing), then the negative part of the 
impulse response starts to decrease the value. This is therefore the peak in 
Fig. 7.19 and by inspection it is one resolution limit from the edge, that is, 
from the 1/4-intensity point. If the light has unknown coherence, the edge 
could fall anywhere between the 1/4- and 1/2-intensity points. If we took the 
wrong value, we could be in error by a sizeable fraction of the distance just 
calculated. 
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RL 
Fig. S.7.15. Edge response 


Problem 7.14 


The shaded area is 

1 - 

26 ahm, 
and it is quadratic in x (first drawing of Fig. S.7.15), so the image of the 
edge looks something like the second drawing (the right edge is a mirror 
image). If the impulse response were skew (exaggerated in third drawing), 
the convolution would look like the fourth drawing, and the position of the 
edge (in fact the image of the edge) would be shifted. 


————Á—ÁÁie——Á!———— ^ — 0 Sreeees 


Fig. S.7.16. Edge response due to triangular impulse response 
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Problem 7.15 


For coherent light, reinterpret the drawings of Problem 7.14 as repeating 
amplitude, and square the second drawing to yield intensity. Likewise, square 
the fourth drawing to calculate the image intensity when the impulse response 
is skew. 


Problem 7.16 


(a) The radius of the Airy disk is 0.61A/NA x 40 z 20 um. Half of this value 
(= 10 um) is chosen for the diameter of the hole. 
(b) The fraction of intensity transmitted through the hole is 


(10m)? ig-* 
(250 x 40 um)? ~ 


Problem 7.17 


(a) The field of view is equal to the dimensions of the CCD array divided by 
the magnification, or 88 x 66 um. 
(b) The period of the finest resolvable grating in the image plane is 100 x 
EM = 42 um. The pixel width of 11.3 um is smaller than the 21-um period 
required by the Nyquist theorem. 


Problem 7.18 


(a) We need to make the resolution limit twice the pixel width, or 


1.22A f' 
UAM =2x llum. 


The F-number of the objective is 


f 22um _ 
"pim "e 

(b) ¢ = 33 and D = 15cm, so f' = 500cm. 

(c) For visual optics, MP, = 5- Diem) or MP, = 75. If you use a 10 x 
eyepiece, 


25 cm 
/ 
— — 2.F h 4 
" 10 5cm 
so, apart from sign, 
f' 500cm 
y m 200 > MP,; 


so it would be an empty magnification. 
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Problem 7.19 


The average of the first and third pixels is 


50 + 100 
2 
Pixel 2, which should remain unchanged, differs from this average by 25. 
Thus the noise-filtering value should be 26 or more. The same argument can 
be used for the shoulder of the curve. 


= 75. 


Problem 7.20 


Slide the kernel —101 across the edge ...0110... as shown in Fig. S.7.16 
and carry out the integration (summation) at each position. The spike (last 
drawing) is inside the line and has a width of 2. The right edge (not shown) 
is marked by the sequence ... 0 ~ 1 —10..., and the —1 — 1 is likewise inside 
the edge. If we model the edge as ... 00/211... and convolve with —101 as 
above, we get ...01/211/20..., which is symmetrical about the location of 
the edge. The kernel —11 yields a result that is not symmetrical about the 
location of the edge, no matter which model we choose. 


RENS NE I i left edge 


\ -1x0 + 0x0 * Ixl 71 


1 
po H 
-i 
1 
m~ : } -1x0 0x1 + Ix] =] 
-] 


l 
0 ] -Ixl * 0xl * Ixl 70 


i 
— M — result 


ts location ofedge 
Fig. S.7.17. 


Chapter 8 


Problem 8.1 


The rate equation (8.14) becomes 


dN 
a = (W, + Wi2)™ = (Wo, + A21)N2 — WaN2, 
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Fig. S.8.1. Additional energy level in a 
three-level system 


Energy 


where, for short times we may assume N4 = 0. This is the same as (8.14) 
with A», — A21 + A54. Therefore, 


_ Ws - (An + Wai) 
Wp + (Ag, + W34) + 2W12 


At threshold, 
W, > Ag, + Wo. 


(8.18) 


n 


Problem 8.2 


(a) Duration of pulses 7 = 2d/Nc, or 
1 C 
T Od’ 
where c/2d = intermode spacing (8.30), and N = number of modes, so 
N -c/2d = Av = overall bandwidth, that is, 


T z]l/ÁAv. 


This is also the shortest possible pulse duration according to the uncertainty 
principle. 


N'A'/4 


Power 


Time 


Fig. S.8.2. Pulse duration and power in incompletely mode-locked laser 
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(b) Suppose for example, that half of the modes are locked and half are 
free running or not locked. Then, 


sin? (XE) 
sin? ($) ' 
as in (8.31) and (8.33). Because of the 4 in the numerator, 
; 2d 
T7 LL —— = 
(N/2)c 
or twice the fully locked value. 


N 
2T , 


Problem 8.3 


Az V? xir 
(a) w(z) = wo i + (25) | (8.45). 


TW$ 


When z = 6, w(z) = 2wo, or 


$138 
w(d) = 2wg = wo h + (25) | 


T$ 


(b) If there is a small waist at F, then (8.47) shows that R ~ f at the lo- 
cation of the lens. Therefore, the beam is approximately collimated (although 
it has a truly plane wavefront only at F'). If the beam is large at F, then 
R ~ oo at the lens, and the beam is focused to F’ (Here small and large are 
in comparison with f, and the lens is assumed not to vignette.) 

(c) The beam radius at the lens is equal to 


2112 , 
wis) =w fie (26) ] Es (f = -f) 


F F 


Fig. S.8.3. Gaussian beams with waist at F 
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provided that wa << Af’. The waist wh at f' is nearly equal to w(f). There- 
fore, 


From part (a), the range of collimation is 


p = Pood a Ve (Py YEE 


TWO Tw? 


Problem 8.4 


(f) 


2w= 1mm 


Fig. S.8.4. Focusing of a Gaus- 
sian beam 


wọ at the focal point of the lens is 
À 1 

wo = AN from (8.46). 
Tw 


For a 10 x microscope objective, 


10 = 2 
or 
f' = 16mm, 
so 
í x 
2wo = 13 um. 


The diameter of the pinhole should be 2 or 3 times this value, say 25-35 um. 


Problem 8.5 


The width of the gain curve (G » 1) is 
24v = 1000 MHz (Sect. 8.4.4). 
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Frequency 


Fig. S.8.5. Axial modes in a helium-neon laser 


For single-mode operation, the length of the laser must be stabilized and 
chosen such that 


d< |. 8 x 10 cm/s 
~ Av 1000 x 106 Hz 


< 30cm 


An ordinary 1-2 mode laser is close to 30cm in length so that when the 
length varies minutely due to thermal expansion, the power remains roughly 
constant (but it would not if d < 15 and only one mode oscillated). 


Problem 8.6 
2 


À 
loon = za% (589) 
exactly in this case, since there are only two wavelengths (Problem 8.5). But 
A2 
= — A 
AA 2d (8.42) , 


lcon = d = length of cavity. 


(Note, though, that the magnitude of the coherence function or fringe visi- 
bility returns to 1 for OPD = 2d, 4d, .. ..) 


Problem 8.7 


A plane wave passing through the hole returns to the hole after traveling a 
distance ~ 2d (one round trip across the cavity). If the hole is large enough, 
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the beam that falls onto the hole is the geometrical shadow. Diffraction be- 
comes important when the hole is small (see Fig. 5.18) and 


D? 
D’ 

D < V8d\ € 3mm. 
This is experimentally a bit large, but of the right order. 


2d < 


Problem 8.8 


Az 


w(z) = 


TWO i 
as long as z >> wé/A, from (8.45). Approximately, 


, , 

upi Af s 0.6 um x 4mm c 0.8 um. 

mx 1mm x xX Imm 

As long as z >> 1 um, the formula for w(z) is accurate. Therefore, locate a 
detector a few centimeters from the waist. Measure the distance z accurately. 
Place a pinhole with a diameter < w(z) S 1 cm in front of the detector. Scan 
across a diameter of the spot, verify that it is Gaussian, and measure the 
distance between the 1/e? points. Calculate wo. 


Problem 8.9 


The axial mode spacing is 
Av = — = ———— -105s!-100MHz. 


There are roughly (1500 MHz)/(100 MHz) or 15 modes, so the laser’s output 
approximates an incoherent light source with the same bandwidth. 


Problem 8.10 


If we vibrate one of the cavity mirrors with frequency f, we superimpose a 
frequency modulation onto each cavity mode. This gives rise to sidebands that 
resonate inside the cavity unless f = c/2d (or some multiple). The sidebands 
(a) resonate and (b) couple power from one into the others and thereby lock 
them. 

You can think of the frequency modulation either as a constant changing 
of the cavity length or as a Doppler shift of the wavelength while the mirror 
is moving. When the mirror stops (to go the other way), there is no Doppler 
shift and the cavity is resonant for all modes. I assume that is when the pulse 
hits the mirror. 
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Chapter 9 


Example 9.1 of Sect. 9.1.3 


The reflectance R at normal incidence can be calculated from (9.3a) or (9.3c), 
and Snell’s law by calculating the limiting case (l'Hópital's rule) i — 0: 


tan(i-i)  ,  Z[tan(i — i")] 
ad uo Brem 
io0tan(i--i) 140 £[tan(i + i)] 


1 u cos: 
cos? (i—i) (: mom) | n- 1 


= li ape 
d Epirus. ) n+1 


"| 


COS 1 


1 
cos?(i+7’) (1 + vV/n —sin? 4 


2 cri 
“Anpi 


Since at normal incidence there is no difference between rj and r1, (9.3c) 
has to yield the same result: 


n— 1 


2 
R-|n[ =| 


. . —sin(i — i") .. $|[sin(i — i^] 
rı = lim ————— ——lim 42$———5 
i0 sin(i +1 ) 120 $ [sin(i + i')] 
= . of _ cost 
f cos(i — i') (1 ates: | n-—1l 
ry = lim ———————2—————————z- 
7" eos(i- i') {1+ -= dii 
Vn? -sin? i 
j Aeir ne 
R= = |= ——— = : 
iral ntl (5 T i) 


Example 9.2 of Sect. 9.2.2 


To determine the intensity transmitted through a polarizer, analyze the com- 
ponents Ej and E, of the electric-field vector parallel and perpendicular to 
the plane of polarization. These components are 


E = Eo cos 0 
and 
E, = Eo sin 0 . 


The polarizer transmits only the component Ej that is parallel to the axis of 
the polarizer. Because the vertically polarized component is absorbed by the 
polarizer and the intensity is proportional to the square of the amplitude of 
the field strength, we get for the transmitted intensity 


I, = Ip cos? 6. 
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Fig. S.9.1. Refraction at an interface 


Problem 9.1 


The point of this problem is that the transmitted beam is broader than 
the incident or reflected beam, and that this change of width affects the 
transmitted intensity. Suppose that the width of the incident beam is w. 
Then 


w= ABcosi and w = ABcosi'. 
By conservation of energy, 
B-P r+ Pi, 
where P stands for radiant power. If the height of the incident beam is h, 
then the intensities are 
B P, r nP, t 


iA Eus 
I , and h "3 


i= wh? © wh 


Thus 
i 
I, 2 Inh. — 
w 


or 
cosi — 
cosi — 
Note: If the detector is larger than the beam, it will measure P./P,. M it 
is smaller than the beam, it will measure the value of T given by the last 
equation. 


R+nT t. 


Problem 9.2 


Horizontal polarization (perpendicular to the plane of the page) has no Brew- 
ster angle and is at all angles stronger than vertical polarization, sometimes 
much stronger (Fig. 9.3). Polarizing glasses to block the horizontal polariza- 
tion should therefore be chosen with the axis vertical, that is, passing the 
vertical electric-field vector. 
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7 7y Fig. 8.9.2. Polarization by reflection 


iN ~ KR 


Fig. 8.9.3. Birefringent prism 


Problem 9.3 


On entering the prism, both rays are ordinary rays. After being reflected, 
the horizontal polarization becomes an extraordinary ray, so the polarization 
becomes elliptical. Because of the perpendicular exit of both rays no splitting 
can be obtained. 

If the prism is not isosceles, both rays are not perpendicular to the output 
surface. Because of the different index of refraction of the extraordinary and 
ordinary ray, Snell’s law leads to a splitting of the rays after leaving the prism. 


Problem 9.4 


The 4/4 plate advances (say) the horizontal component by A/4 (Fig. S.9.4). 
On the return it advances by another 4/4, for a total of \/2. This is equiv- 
alent to a 4/2 plate and rotates the plane of polarization by 2 x 45° = 90°. 
A polarizer whose axis is parallel to the incident electric field vector will 
transmit no light on reflection from the mirror. [Note: Commercial optical 
isolators may be based on this principle or based on rotation of the plane of 
polarization by the Faraday effect.] 
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OA 
/ $ i 
i 
! A/4 
OA 


A/2 A/4 


Fig. S.9.4. 4/4 plate 


Fig. S.9.5. Rotation of the plane of polarization due to a pile of polarizers 


Problem 9.5 


(a) The component of E parallel to the axis of the polarizer is 
Ey = Eo cos@. 
Krans = Ej = Ej cos” 0 = Ip cos” 0 . 


(b) Now consider a series of m polarizers, each oriented at angle $ to the 
last, and with the axis of the first parallel to the incident electric-field vector. 
From (a), 


Irans = Eo? (cos? ¢)™ = Ip cos?" ¢ . 


To rotate though an arbitrary angle ®, set 6 = m and require 


[trans eT a cos?" d 
Ip m’ 
" p2 2m 7 o? 


If 6 = 45° = 7/4 and T = 0.9, 
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7 
0.9-21- 
16m 
1? x 100 s, 
m—-16x01 16 


(b) Infinitesimal angles means m — oo. Then 


am? _, 


lim T = lim cos 
moo Ti-oo 


for all values of ®. 
Note: This analysis could be used as a model for an optically active ma- 
terial. 


Problem 9.6 


Axis 


Fig. S.9.6. Wave plate between crossed polarizers 


The component transmitted by the first polarizer falls onto the wave plate at 
angle Ó to optic axis. The components are Eg cos0 and Eg sin@ (as shown), 
and the phase shift is ¢. The components parallel to the axis of the second 
polarizer (analyzer) are 
Ej = Eo cos0 sin 0 — Eo sin 0e !? cos 0 
= Eg cos 6 sin 6(1 — e7'*) 
= Eg cos 6 sin 9e 7*/? [on — ei?) 


= Ep cos 0 sin be~'?/? (s sin 3 
The transmitted intensity is 
i= E; = AIo cos? 0 sin? 0 sin? £ I 
For the special case 0 = 45°, cos? = sin? 6 = 4, so 
29 
2 
When the analyzer is parallel, the components are 


I 
T= 7 =sin 
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Ej L Eo cos? 0 — Eo sin? bel? 
and, as before, 
T= 7 = cos’ 0 + sinf 0 + 2sin? 6 cos? 0 coso . 
0 
For the special case 0 = 45°, 
I, I 
T= To = 3 (1 + cos 9) = COS 


This is 1— (previous result). 


2 


to [S 


Problem 9.7 


5mm 10 kV 


Fig. S.9.7. Kerr cell 


(a) Kerr cell. 
An = KAE? (9.28), K=24.10 cm. V^? 


E 10kV =2-10°V-m™!. 
5mm 


Phase shift: 
A = A AnL = 2.4rad. 


The transmittance (see Problem 9.6) is 
T = sin? 1.2rad & 0.87. 
(b) Pockels cell. 
An — pE (9.29), p-28.10 7  m.V^!. 
Set the phase shift = 2.4rad, wavelength A = 500 nm. Then 


_ 24d _, , kV 
~ 29mpL ^ cm 


or, since length — 1 cm, 


V—12kV {= 10 times less]. 


415 
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Chapter 10 


Problem 10.1 


The power coupled into any dz at z is proportional to dz and to the local 
numerical aperture, or 


dP(z) x NA(z) - dz , 


NAiocal = y n?(z) — n2 & \/2ng (n(x) — n3) (10.34). 


For a parabolic index profile, 


m 
n(x) = ng — Anz (10.30). 
Subtract n from both sides: 


2 
nz) - m = An (1- 55) 


a? 


a a g? 
P x f NAvjocaidz = Vingdn | y! -— 3147 
lix x? "m. j 
= NAga- |—4/1 — — + arcsin — 
2|a a? a 


- 5aNAo 


— f} 


where NA, is the local numerical aperture at the center of the waveguide. 
The calculated value (7/2)aNAy is less that the value 2aNA that pertains to 
a step-index waveguide. 

Note: A parabolic-index waveguide therefore has lower collection efficiency 
than a step-index waveguide. Specifically, the number of modes in a step- 
index fiber is V?/2, whereas that in a parabolic-index fiber is V?/4. Therefore, 
the collection efficiency of a parabolic-index fiber is one-half that of a step- 
index fiber. 


Problem 10.2 


According to Problem 5.12, the depth of focus is 

_ nr 

EU 
If the beam is focused at the center of the core, it remains in good focus as 
long as 


where we assume that the fiber end is index-matched. 
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Fig. S.10.1. Influence of the depth of focus 
on the coupling of a Gaussian beam into a 
fiber 


For a telecommunication fiber, n & 1.45 (vitreous silica), a = 25 um, and 
A = 633nm. The acceptable angle a is less than that in the table if the core 
diameter is greater than 50 um. 


Table P.10.1. Acceptable cleave angle for various microscope objectives. 


NA 6 Q 

0.5  L8yum 40° 
0.65 llum 2.5? 
0.95 Q.5pgm 1.0° 
1.25 0.3um 0.7? 


Problem 10.3 


f, f; 


Fig. S.10.2. Coupling of two fibers 


(a) If we use m « 1 to decrease a’, we increase 6’ proportionately: 


h 
0- — 
h 
and 
h 
= —, 
fy 


SO 
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oh li 
0' i f2 E m 
The numerical aperture of the second fiber is overfilled and power is lost. 
Likewise if m > 1, we overfill the core diameter and lose power. 


Note: This is just conservation of radiance. From (4.39)-(4.48): 
LdSdf? = LdS'df?' , 


Or 
a? NA? = a/'2NA" 
a - NA 
a | | NA?’ 


an inverse relationship between a and NA. 


core overfilled 


coupling efficiency 


Fig. S.10.3. Efficiency of cou- 
0 1/2 3/4 1 pling into a fiber as an function 
magnification of magnification 


(b) The first fiber has a smaller numerical aperture but a larger core. 
Assuming m = 1, we can decrease the magnification until the numerical 
aperture of the second fiber is just filled. From then on, efficiency is roughly 
constant until we reduce m enough to overfill the numerical aperture. The 
numerical apertures match when 


NA 0.15 
= — = — = 0.75. 
NA’ 0.2 
The cores match when 
/ 
_2 | 50um _ 0.5 
a 100um 


If we decrease m below 0.5, we lose in numerical aperture mismatch what we 
gain in diameter match (this is strictly true only for step-index fibers with 
uniform illumination). 


Problem 10.4 

Assume that the core index is also 1.5. Assume, for convenience, that the 

source is embedded in the glass, whose thickness is t. There are two cases: 
(i) All light incident on the core will be guided, provided that 
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Fig. 8.10.4. Coupling into a fiber 


z < tan 0 = sinf = NA, 
or 
a 25 um 
"WM ug Cm 


In this case the fraction of power captured by the fiber is 
(ra)? _ a^ 
An 4t2 - 
(ii) If t is less than a/ NA, only rays for which 0 < NA are guided, so the 
fraction of power captured is 
"sind 1 
4n " NA 
(a) Since 1 mm > 170 jum, case (i) applies, and the fraction captured is 
a? /4t? ~ 1.6 x 10^. 
(b) For the 250 um case, a?/4t? = 2.5. 1073, but for the 125 um case, 
NA?/4 = 5.6.10? . 


(c) Apply the *len" equation at the second surface; the image space is in 
air, even though the image appears behind the surface. 


Fig. S.10.5. Effective radius of a Lamber- 


tian source 


Because object and image spaces have different indexes of refraction, m # L/l, 
so we use the Lagrange invariant (2.49): 
b : b bn 
doo a n ducet al a oe 
a-n ;7? p^? 3c 
a=a. 
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The source appears closer to the surface of the glass, but it is unchanged in 
diameter. Alternate proof: the top of the image “obviously” lies on Ray 1. 
Note that the plate makes the object appear closer to the fiber and therefore 
increases the collection efficiency. 


Fig. S.10.6. Alternate proof 


Problem 10.5 


Fig. S.10.7. Numerical aperture at the 
core-cladding interface 


(a) In the paraxial approximation, L is the same for all rays, so consider 
a ray that just grazes the core-cladding interface: 


n(a) = n? = No h = ; 5] (10.28) 
A T 
"e 


no 
L= —— . 
"a 2An 
If a = 25 um and An = 0.01, 


[ 1.5 
L= 2 — 2l. i 
T x 25m x 0.02 0.68 mm 


(b) The numerical aperture is n times the sine of the complement of i, or 
n cosi. But cost is equal to (10.26) evaluated where z = 0, or 
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NA, = 


725um _ 


=], 
"eam 


Check: 
A =vV2nAn = V2 x 1.5 x 0.01 = 0.17. 


The curve in Fig. S.10.7 represents the path of a ray that hits the axis with 
@ = sin! NA. Imagine that the fiber has been cleaved along the dashed 
line. Any ray that enters the fiber with radius r and angle greater than 
sin 6, = n sin 6! will be refracted at the core-cladding interface. When r — a, 
and 6! — 0, so the local numerical aperture approaches 0. 


Problem 10.6 


0 Z axis L 


Fig. S.10.8. Ray path and path length in a parabolic-profile fiber 


2 
= y d2? + dr? = e (E) dz 


Z TST (10.26) 
< T «1 (Problem 10.5). 
So 
dsz 14.1 (5t) cos’ "Id 
CICUCPALI X1 
l 
= Í *3 ( 


a)’ ; (1 + cos 2) dz 
L 


L 
1 sany? 1 
S= à ds — uibs -(L +0), 


2 
where the integral over the cosine is over one cycle, 
S 14 1 pai 
| ae S T 
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The loss per unit length of the extreme ray exceeds that of the axial ray by the 
factor S/L. Using the parameters of Problem 10.5, a = 25 um, L = 680 um, 
we find that S/L = 1.003, or a fraction of 1% more than the axial ray. In 
a single-mode fiber, the ray concept breaks down, and the one guided mode 
loses power uniformly at some average attenuation. 


Problem 10.7 


Fig. S.10.9. Far-field diffraction angle and 
"s. excited modes 


(a) Ad = A/d = far field diffraction angle of the incident wave. For the 
modes, 
mA = 2dsin Om 
(m+ 1)A = 2dsin 04, ;. 
Subtract the two equations: 
A = 2dA (sin ĝm) 
= 2d cos 6m AOm 
> 2d^06,, 


2d 2 


Fig. 8.10.10. Diffraction pattern and ex- 
angle cited modes 


(b) Roughly speaking, light is diffracted only into orders m + 1 since 
m + 2 are near zeros of the diffraction pattern and higher orders are very 
weak, anyway. 
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(c) E; = constant, by assumption 


d/2 d/2 
E;(r)E4(r)dz «x / Em (z)dz = 0 
—d/2 —d/2 


if m is odd, because the field distribution is an odd function, as in Fig. 10.3. 
Therefore, we expect only one mode to be excited - odd ones suppressed 
by their oddness and all even ones but one suppressed by the zeros of the 


diffraction pattern. 
Note: If the incident angle is in error or if the incident beam is not uniform, 


then other modes will be excited. 


Problem 10.8 


| =< 8 | E 
25D 
Fig. S.10.11. Star coupler 


(a) By inspection, the diameter of the bundle is 5 fiber diameters, or 5D. 
When the diameter of the cone emitted by the leftmost fiber is 5D, the cores 
will all be filled, and none of the numerical apertures will be overfilled. Thus, 


2.5D 


a = tan ĝ = NA 
2.5D 2.5 x 125um 


The coupling efficiency is given by the total core area divided by the area 
of the tube. Since the core diameter is half the cladding diameter (in this 
case), 


19- (7/4)(D/2?} — 19 


= “ASD ^a4x3 0 


Fig. S.10.12. Star coupler with 
graded-index fibers 


(b) If 0 = sin! NA, the coupling efficiency into a peripheral fiber will be 
nearly 0 because all the rays will have an angle of incidence of about 6. Only 
if the coupler is longer and has reflecting walls can the angle of incidence be 
reduced below 6. 
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Problem 10.9 


Fig. S.10.13. Coupling of a Gaussian 
beam into a fiber 


m Af’ _ 0.633 um x 20mm 


= 


Tw t X imm 


If both the fiber and the laser exhibit Gaussian modes, then 


= 4 um. (8.45) 


-2 
T=4 E " 2| (10.55) 
w 2 
4 4 
“3,42 42 97 
[1 * $] 


Problem 10.10 
E(r) = Ae" /v^ — (10.50) 
Qn n Aje-?/w'.a. — 1. —— (10.52) 
0 


Let u = 2r?/w?; du = (4r/u?)dr; rdr = du/4w?, so 


oo 2 2 
ana? | e i NE. [-e "],- mo 


4w? 2w? ~ Dw? 
nA? 
— =] 10.51 
A= 2 ; 
V T 
Problem 10.11 


E(x) = Ae-7'/w^, (ef (10.50)] 
oo 
f Ae? Iw dr = 1, [cf. (10.52)] 


Let u? = 2z? /w?; dz = (w/v2) du. Then 


oo oo 
a | A = 24w | e^" du 2]. 
—o00 0 
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Because the integral is \/7/2, 


T 
d 5wA 21, 
9" 
A. (? EE | 
m Vw 
Problem 10.12 
en zn —(z?4 "T 2 -| +6)? " x 
t= AAs | f e (ty )/w e-clerS) +y I/w dzdy, 
=00 J —-oOO0 
where 6 is the transverse offset and the z axis joins the two core centers, and 


where A; = Ag is given by (10.51). With no loss of generality, we may let 
w — 1, so 6 stands for (6/w). Then, 


oO ræ 
t= Acn f f el- 3675/2 -2V andy. 
—oo J —oo 
Now let u = v2(a — 6/2); v = V2y. Then, 


H 6 = = 2 2 
t = -Ae ^ [ f e7“ ^" dudv 
2 —oo J —o6 


The integral is just 7, so 
t—e97 = (w=1) 
or, since 6 was normalized by w, 


T= = e 9 /w" ; 


Chapter 11 


Problem 11.1 


space for filters 


1.5-mm fiber 


filament condensing 
lenses aperture aperture 


stop 


I-mm (f^ 


—————————— 
1:1 imaging system K-) 


Fig. S.11.1. Coupling of the light of a tungsten lamp into a fiber 
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(i) Image the source at 1:1 and choose 1-mm aperture (< 90% of filament 
width). 

(ii) Work back from the fiber: image diameter = 35 um. Therefore, m = 
35/1000 for imaging the 1-mm aperture. For convenience, keep l € 0.5 m, 


l=-f (+=) ~ —30f' < 0.5m 


> 16 
Fs 39 5 17 mm. 
Because of the required numerical aperture, we could use a 20x,0.5 N A mi- 
croscope objective with a tube length (distance between image plane and 
secondary focal point) g such that m = 1000/35 = 1/29. The possible spher- 
ical aberration (because g differs from the standard 160mm; see Sect. 3.5) 
is irrelevant for this application. Since 20 = 160/ f', the focal length of the 
microscope objective is f’ = 8mm (Sect. 3.5), and 


l = —30f' = 240 mm. 


An aperture stop will be needed to adjust the numerical aperture. A 12.5 mm 
TV camera lens would also serve well. 

(iii) The condensers should have a focal length f' of about 50mm or 
100mm just for convenience. Their NA = 0.14/29 is very small, so any 
lenses will do. (Note: There is also a region of collimated light for filters; see 
Problem 6.7.) 


Problem 11.2 


See Problem 4.4. 


Problem 11.3 


Fig. S.11.2. Beam path in the cladding 


Assume that N A — 0.2 and that 
nsin 0' ~ n0' > NA 


Or 
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where NA means the numerical aperture of the fiber, that is, of the core. 
The distance between reflections off the core-stripper interface is | = D/6', 
so there are N = L6'/D reflections in a distance L. If the reflectance is R, 


then we require 
RN — 1075 
N logio R = —6 
—6D 
um 0' logio R ` 
If R = 1%, logjo R = —2, and 


But if R = 10%, then L = 6mm, so the length of the mode stripper is not 
very sensitive to how well you index-match. 
Problem 11.4 
Total loss is 1dB/km x 5km = 0.5B, so the transmittance of the fiber is 
1 
T=10°2-. 
3 


The coupling efficiency is 30%, so the total transmittance is 10%, and the 
transmitted power is 0.1 mW at the end of the fiber. The noise equivalent 
power N EP of the detector (not per unit bandwidth) is 


W 
NEP- 0 x V10MHz € 3 x 1074 mW. 
Z 


The transmitted power is higher than this value, so yes, the detector is ade- 
quate. 

(Note: It is really a qualified “yes”, because in telecommunications it is 
necessary to calculate a bit-error rate, rather than just specify a signal-to- 
noise ratio > 1.) 


Problem 11.5 


n(A) = 1.45084 — 0.00334? + 0.00292A~? = ay — a)? + a2A~? (Ain um) 
A= 1.3 um, so n = 1.44693 . 


(a) For material dispersion, we need d?n/dA?: 


dn 205 
qi cdi eer 
d?n 6a5 
"P E EST 
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At À = 1.3 um, 
d?n -2 
dx 7 —0.00055 um 
AT A d?r 
————.— 1l. 
T n dA? Sw. Mum 
1.3 pm = 
= ————. x (-0. 0.1 
1.44692. * ' 0.00055 um ^) x 0.1 um 
—4.9. 107? 
(b) Waveguide dispersion: 
iM Deas (11.16) 
T À 
where nsin@ = NA. Assume a single-mode fiber with a = 0.5 um. Then 
Miet. 5.90 dd 
TG TX 
AT NAV 0.1 01\? 04 4 
<7 =-() <=- (ix) Tone 
Waveguide dispersion dominates. Over the 3-km fiber length 
3 km 


Ar = ~3.7-1074 x r = -3.7 - 1074 x c 5ns. 


(3-105 km/s)1.45 — 
The corresponding electrical bandwidth is 0.2 GHz. 


Problem 11.6 


À 2 
At A = 850 nm: 
Ano = 0.01202 + 3 x 107? x 0.85? + 2.8 x 1074/0.85? 
— 0.01243. 


Cladding index: ng = 1.45257 [from (11.31)], so 
no = 1.45257 + 0.01243 = 1.46500. 
Likewise, at the core center, 
no(A) = n2(A) + Ano(A) 
= 1.46286 — 0.00331? + 0.00320~? 
= bo — b1 A? + bo A~? . 


Now we calculate the profile parameter g. 
(i) First term 
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2^-2An/n (10.32) 
0.01243 


—2x 1465 ^ 0.0170 . 


(ii) Second term 


ngo = no — A (5.33) 


sie = —2b À — 2b A7’ (see Problem 11.5) 
= = —2 x 0.00331 x 0.85? — 2 x 0.00320 x 0.8573 = —0.01520 


ngo = 1.4650 + 0.01520 x 0.85 = 1.47792 
"0 0,99] ~ 1. 
Ngo 


(iii) Third term 
dA d c3 u dAno/dA Ano dno 


no 


d\ da 


no n& dA 
—2x3.10?xA—2x2.8-107* x A^? = —0.00086. 


dA -—0.00086 0.01243 


dA ^ 146500 1.465003 ^" 
= 0.00049. 


(0.01520) 


Note: Due to the profile dispersion, the first term dominates; that is, the 
change of Ano is more important than the change of no. 
(iv) Fourth term 


I 5 = 1 — 0.0085/2 = 0.996 = 1. 


So to a good approximation, 


AUA 
A dÀ 
0.85 


= 2 -- 0.0170 — 25.0085 x (—0.00049) = 2.081 . 


(The dispersion term dominates the term 2A.) 
At 1.3 um, the corresponding result is 2.002, and at 1.55 um, 2.005 (bar- 
ring arithmetic errors!). 


g=2-2A-2 


Problem 11.7 


To find the electrical bandwidth, we need to convert AA = 100nm to fre- 
quency: 
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AA 


Av 
— = — .91 
7 X (5.91) 
|OVAA c AA 
pua dab ab Y 
_ 3x 105m/s , 100nm 
~ 13x10-9m ^ 1300nm 
218.107 MHz. 
TV channels are approximately 10 MHz apart, so 
1.8 x 10’ MHz 
= Uu &2x 10°. 
(number of TV channels) 10 MHz x 10 


Likewise, 
1.8 x 10’ MHz 
10 kHz 


Unhappily, we do not know a method to divide (multiplex) a light beam into 
that many channels. 


(number of audio channels) = & 2 x 10°. 


Problem 11.8 


dS i | 
oo Fig. S.11.3. Backscattering in a fiber 


(a) NA — 0.1 = nsin6 = n6, 
SO 
0.1 
0z 15 = 0.07. 


The power scattered by any area element into the cone whose angle is @ is 

dọ =nLdSsin?6. (417). 
The total power scattered into a hemisphere is 7 LdS (4.18). The actual 
value of the radiance L is irrelevant. The fraction of power scattered into the 
forward direction is 

nLdSsin?0 sin? _ 0.07? 

2nLdS 2 2 

and an equal fraction is scattered into the reverse direction. The 2 arises 
because power is scattered into a full sphere, not just a hemisphere. 

(b) The total loss over 5 km is 2 dB/km x 5km = 10 dB, or 10% trans- 


mittance. Thus, the fractional power returned to the source is the product of 
the fiber attenuation (0.1), the scattering loss (2.5 x 1073), the attenuation on 
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the return trip (0.1), and the polarization loss (1/2), or 1.3 x 10~°, neglecting 
coupling into the fiber. 

(c) The peak power incident or the detector is 1 mW x 1.3-107 = 13nW; 
that is, this is the power returned from a point 5 km distant. Since the pulses 
are IO ns in duration, 


Af = 1/(10ns) = 100 MHz 
is the electrical bandwidth required. Thus, 


13nW = 13-10-12 W 
V100MHz VHz 


A silicon detector may have D* = 10!? cm- v Hz - W -! (Fig. 4.16). If its area 
is 8- 107? cm ? (1-mm diameter), then 
NEP VA v8 10-35cm? 
VAf Dt 1012 


So we can detect the 13nW signal. 


=~ 10^ 


(4.61) 


Problem 11.9 


(a NA =0.1 ¥ v2nAn (10.3) 


NA? 0.01 
X i — 
An S ay 3x 146 0.0034 


Ncore = 1.457 + 0.0034 = 1.460 


2 
R= ( - ;) = 3.46% from the cladding and 
n+1 


R=3.50% from the core. 


(b) If we use an index-matching fluid with n = 1.48 


(s) 

R= | — 

+l 

where u = 1.48/n (9.6). So: 


R=6.1-10-° from the cladding and 
R=4.6-10-° from the core. 


The contrast in case (b) is approximately 1.3, as opposed to 1.01 in case 
(a). (The reflected signal is much lower, incidentally, so the improvement in 
detector performance is not what you might guess.) 

(c) If the fluid had an index midway between core and cladding, the 
reflections would be equal. This is a special case but illustrates that the fluid 
must have an index either higher than the core's index or lower than the 
cladding's index. 
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Fig. S.11.4. Light cone emitted from a 
fiber 


ee t : 


L 


Problem 11.10 


NA = 0.5 is not paraxial, so we use sin = 0.5,0 = 30°. 
(a) r/L = tan 30°, so 
r = 10cm x 0.577 = 5.8cm. 
(b) sin? 6’ = sin? 0 — 2ng(n —ng). (11.30) 
When the beam hits the claddding, n — 1.457, so 
sin’ 6’ = (0.5)? — 2 x 1.464 x (1.457 — 1.464) 
=y 
r = 10cm x tan 31.3° = 6.1 cm. 
(c) When the beam hits the core, n = 1.470, so 
sin? 6’ = (0.5)? — 2 x 1.464 x (1.470 — 1.464) = 0.232 
6’ = 28.8? 
r = 10cm x tan 28.8? = 5.5cm. 


(d) From (a): 5.8cm//2 = 4.1cm, which is smaller than 5.5cm. If the 
radius were not less than this the beam would be vignetted by the stop when 
it was focused in the core of the fiber. 


Problem 11.11 


First, the detector has to be in the far-field of the fiber core, sO we have to 
make sure whether 


a? _ (30um)? _ 
X^ QS5um ~ 1mm < R= dem. 


To fully resolve the far-field pattern and not blur the edges we have to 
use a detector smaller than 


1A 0.85 um E 
a 72x30um © Om 0.75 mm. 


Fig. S.11.5. Near-field scanning 
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Thercfore, we will have to install in front of the detector a pinhole whose 
diameter is smaller than 0.75 mm. 


Chapter 12 


Problem 12.1 


According to Fig.9.5, the phase shift on reflection is 0 near cutoff (@ = @,), 
so the condition is 
2d 


We find NA from 
NA = V2nAn = V2 -3.6- 0.036 & 0.51. (10.3) 


dus À 1.3 um 


2NA 2-051 |3um. 


Problem 12.2 


NA = V2nAn = v2. 1.5 - 0.003 = 0.095 


2d 2-4 ym 
E A= M Ae > . . 
A 0.85 um 0.095 = 0.89 < 1 


So it is a single-mode waveguide. 


Problem 12.3 


BZIP OL 


Assume it is the lowest-order mode (in the 4-um section) and ignore the 
phase shift on reflection. Then (with OPD = \-1) 

A = 2nid cosi = 2n,dsin 6; (10.5) 

i À = 0.85 um = 
SO ls neg = n; cos# = 1.496. After the step, the effective index changes by 
_ 0.85? 
— 4.1.5. 43 


Fig. S.12.1. Step in the waveguide 


0.07, 


Ad -4=0.0075, — (12.5) 


\2 
Aner = —= 
ven 4n,d3 


or 
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n/g = 1.496 + 0.0075 = 1.504. 


The reflectance is 
2 
p-1 -6 
R= {——)} =7.1-10, 9.6 
(4 + i) eS 


Problem 12.4 


w/2 


Fig. S.12.2. Mode overlap of a waveguide 
0 w X branch 


We need the overlap integral between two Gaussian functions, one cen- 
tered at the origin and one centered at r = w (Fig. S. 12.2); that is, 


oo 
t = AA’ f e *'/w'e-(z-w)'/(w/2*a, fef. (10.53)] 


— 00 


where 


(10.58) 


Let u = z/w. Then 


/ T —u? ,—4(u-1)? 
t= AA w e “e du 


oo 2 
t= Ad'w | eC X) e^ 8 du. 


—oo 


Let v = /5u — J Then 


T 
t= AA'we t... 


on 
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Using the expressions for A and A’, we finally get 


Since 0.16 is also transmitted into the other branch, the efficiency is 


_ 0.16 -2 


n= = 0.32. 


Problem 12.5 


2mm = 2njkdcos i — 26 . (10.6) 


For this problem you cannot ignore 9. Assume that n; = 1.5 and that the top 
of the waveguide is in contact with air. The lowest-order mode has m = 0. 
At cutoff, i = ie, where i, is the critical angle at the waveguide-substrate 
interface. We can find i, from 

NA = 0.2 = nsin ĝe; = 1.5sin@, , 

sin 0, = 0. = = = 0.133 rad , 

a: ð 

te = 2 — Vc = 82.3 . 
For this problem, 26 must be replaced by Pair + substrate- According to 
Fig. 9.5, Psubstrate = 0 near the critical angle. Assume that Pair © m (far from 
the critical angle at that interface). Then 

2mm = 0 = 2njkdcosi, — 7 — 0 


2n, kdcosi, = 7 , 


À À 
gm 4n;cosi, 4-1.5-0.133 — 195A. 


Problem 12.6 
(a)sinó = M? (9.32) 


_ A/n  0.85um/1.5 
~ 2sin@ 2sin45? 
(b) The number of grooves is 


c HEN DL NC NET 


= 0.40 um. 


_A/n _ 0.85um/1.5 


Saar aa 


=20nm. (6.7) 


436 13. Solutions of Examples and Problems 


X 


Fig. S.12.3. Waveguidewith Bragg reflector 


8 um 


(d) Assume the question means 100 nm outside the waveguide, because 
that is what we actually measure. Then 


AA = 20nm- 1.5 = 30nm. 


The number of channels is 


If you require a vacant channel between each two signal-carrying channels, 
the number of available channels is 2. We can increase the finesse and there- 
fore the number of channels by making the angle between the incident and 
reflected waves a few degrees. 


Problem 12.7 


Fig. S.12.4. Diffraction at the grating 


(a) The grating equation becomes 
mAo = dsin 6 + pro (constructive interference) 
m, p = integers 
ào is the (one) wavelength that has a maximum at 0 in order m. Thus, 
dsinü = 0 = (p—m)Ao , 
m = p. 


The diffraction maximum at 0 = 0 is of order p (not 0). The nezt order of Ag 
occurs where 


13. Solutions of Examples and Problems 437 


(m + 1)Ao = dsin 8 + pAo. 
Ao = dsin 6, since m — p 
sin? = ^. 
(b) At some nearby wavelength A, 
mA = dsinĝ + pro (not pA) 
Or 
dsin@ = mA - pAg. 


To calculate the free spectral range, assume that the wavelength A has a 
maximum in order p at the angle 0 where Ag has a maximum in order p + 1. 
That is, 


dsin = Ag. 
So, 

Ao = MA — pào 

= p(A — Ao) since m = p for wavelength A 

or 

AA = do/p. 
But, since dsin@ = pAo, 

X2 
AA - SA 


(cf. AX = à? /2nd for a Fabry-Perot interferometer). 
(c) According to (6.7), the instrumental linewidth is 


À Xo 
EUN PN 
But the free spectral range is AA = Ao/p, so 
AA 
6A = — 
N 


(cf. (6.21) for the Fabry-Perot interferometer). 
(d) Very roughly, 


D = 3b/2 = 3w . 


If the peak of the Gaussian is 1, then the crosstalk is equal to the value of 
the Gaussian at z = 3wo, that is, 
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Fig. S.12.5. Crosstalk between adjacent 
waveguides 


nic 
nico 
njo 


I(x) = exp [-2 (z^/wg)] (intensity) 
T = 3wo 

I(x) = exp |-2 ((3wo)” 27] 

—e-18 

21.5 x 107%. 


In a real phasar, crosstalk is more likely to be of the order of 107? or 1074. 


Problem 12.8 


(a) R= f'An/n . (12.6). 
Assume that neg = n = 3.6, 


_ (m+1)d? 
An = Ind Ad. (12.5) 
Since the slab is only 1 pm thick, assume that m = 0, 
0.85? 
An = 4.36.13 -0.5 = 0.025 
R=35um. 


2 _ 9.85" eu 


R=5um. 
This is not as practical in the thicker, lower-index waveguide. 


Problem 12.9 


Put both object and image on the periphery of the lens. By symmetry, the 
principal planes must coincide at the center of the lens, and m = —1. The 
effective F-number of the Luneburg lens is 
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Fig. S.12.6. Luneburg lens 


Problem 12.10 
mA = 82. t - 3 (5.69) 
a a 


with radius 3m of the mth zone 
v mA 


a a 


À [—— 


| 1 
i?-à 


sı = 3 


dom = avin (i+ 2-1) 


As long as m > 1, 
$1 


Eam * 


Problem 12.11 


21A 
Q= T 210 (Problem 7.3) 
for nearly 100% diffraction efficiency. For our case d is the fringe spacing 
corresponding to As,, in Problem 12.10. t is the thickness of the diffraction 
lens. 
The zones in the lens get closer, with increasing distance from the center. 


At what radius 5m are they so close that Q > 10? 
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For our case f' = s2/A andf' = l'/2 = 2.5 mm, so 


81 = Vf'-A- 25mm x 1pm = 160 um . 
2. 
Only the innermost 15 zones display Q « 10. The outermost zone has a radius 
$m = $1 - V 25000 2 160-5, . 
and the fifteenth zone has a radius 
$15 = 81 V 15 & 4a, , 


so all but 4/160 = 2.5% of the lens has nearly 100% diffraction efficiency. 
Note: A diffraction lens does not have radial symmetry, like an ordinary zone 
plate. 


Problem 12.12 


Fig. S.12.7. Waveguide grating 


(a) Assume that the spacing d is chosen so that the Bragg condition 
is satisfied for the angles as shown. The angle 7’ is not equal to i because 
the bound wave in the waveguide is "really" bouncing down between the 
waveguide boundaries at an angle to the axis. This fact is accounted for by 
the effective index. Using the same logic as that which led to (2.29): 
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ee - of 
neg sini = —ng sini 


uo Neff . . a x 
sini --———sini (< sini in magnitude). 
n 
g 


Because i = 45°, 7” + 135° + i’ = 180°, or i" = 45° — i'(i' « 0) 


sini, = ng sin(45° — i’) #0 


where 7’ is as above. 


Fig. S.12.8. Output coupling with wave- 
guide grating 


(b) OPD = nega + gb 
d b. 
—-=cosi, a=—, - —Sinu, 
a a 
where 
u + 90° + [180° — (90° — i) — (90° — i’)] = 180° , 
u = 90? — (i +7’) 
sin u = cos(i + i) 
d d E ise 
OPD = X= neg —— + ng —— cos(i + 7’) 
cos i cos i 
T A cos i 
— Ref ng cos(i +i’) ` 


(Note: In practice, neg must be measured very accurately if a grating is to 
be fabricated by lithography rather than holography.) 
Problem 12.13 
Consider first the slit: 
ENTE " : 
I(0) = sinc (Faw sin 6) . (5.59b) 


Let v = $3wsin6. There are zeros whenever v = 7, 27, 37,.... 
jae T 
When v — 0, 2» 35, 5£,... E] 


2 2 2 
sinc ?(u) = 1 : = Kd = 1,0.4, 0.045, 0.16 
1 m" , 3m X 5m gee ; V-93, U. , V. TED 
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i Fig. S.12.9. Diffraction patterns of 
rectangular aperture and waveguide 


grating 


--- Waveguide grating 


i -— Rectangular aperture 
= 


s. 
LI 
w ETTET ETT 


If we normalize the Lorentzian function (12.18) to 1 at the center, 


I'(0) = ——— 


1 + (2u/3) 
with u as above. When 
N N T 

u = 0, 3° 39 c Ls 


I'(0) = 1,0.48, 0.09, 0.035, . - . 
The Lorentzian function displays a higher intensity for all u > 7 or 7 » RL. 


Glossary 


Cross references are indicated by SMALL CAPS; common words such as wavelength, 
frequency, phase; interference, diffraction, diffraction grating; laser; focal length, 
focal point, image distance, object distance; ray, wave, mode; telescope, microscope; 
optical fiber, optical waveguide are defined but usually not cross-referenced. For 
completeness, the glossary contains some terms that do not appear in the index. 


aberration. In lens optics, the departure of a ray or a WAVEFRONT from the path 
predicted by the PARAXIAL THEORY. 

absorbtance. In RADIOMETRY, the fraction of the incident RADIANT POWER ab- 
sorbed by any body. 

absorption coefficient. The natural logarithm of the fractional power absorbed 
per unit length. Equal to the number of scatterers per unit volume, multiplied 
by the absorption cross section. See also LAMBERT’S LAW. 

acceptance angle. Of a fiber, the inverse sine of the NUMERICAL APERTURE 2, 3. 

accommodation. In visual optics, the ability of the CRYSTALLINE LENS to change 
its focal length and focus on nearby objects. 

achromatic eyepiece or objective. A telescope or microscope EYEPIECE or OB- 
JECTIVE that has been partly corrected for CHROMATIC ABERRATION. 

acousto-optic light modulator. ULTRASONIC LIGHT MODULATOR. 

adaptation. In visual optics, the ability of the eye to adjust to different values of 
ILLUMINANCE. 

Airy disk. The diffraction pattern of a circular aperture, as seen in the image 
plane of a well-corrected lens. The radius of the Airy disk is a measure of the 
RESOLUTION LIMIT of a well-corrected lens. 

aliasing. In video microscopy or FOURIER TRANSFORM OPTICS, the appearance of 
SPATIAL FREQUENCIES in an image when none exist in the object. 

amplitude. If a wave is described by the function y = Acos(kx—wt), then A is the 
amplitude of the wave. In optics, A usually has the units of electric field strength. 

amplitude hologram. A HOLOGRAM that is recorded as variations of TRANSMIT- 
TANCE as a function of position on a recording medium such as a photographic 
plate. 

amplitude reflectance and transmittance. The ratio of the electric field am- 
plitude of a beam reflected or transmitted by a surface to that of a beam incident 
on that surface. Rarely used for DIFFUSE REFLECTION or transmission. See also 
REFLECTANCE, TRANSMITTANCE. 

analyzer. The second of two or more POLARIZERS that surround a specimen. Usu- 
ally, the axis of the analyzer is either parallel or perpendicular to the axis of the 
polarizer. 

angle of incidence. The angle between a ray incident on a surface and the normal 
to that surface. 

angle of reflection. In reflective optics, the angle between a ray reflected by a 
surface and the normal to that surface. 
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angle of refraction. In refractive optics, the angle between a ray refracted across 
a surface and the normal to that surface. 

angular frequency. The frequency in radians, or 27 times the frequency of a wave. 

angular spectrum. The angular distribution of PLANE Waves diffracted by any 
object. 

antihalation dye. An absorbing dye placed on the rear surface of a photographic 
film or plate to reduce the effects of light reflected onto the EMULSION by that 
surface. 

antireflection coating. 1: A thin film of low-index material that is coated onto 
an optical surface to reduce the RADIANT POWER reflected by that surface. An 
antireflection coating usually is one-quarter wavelength thick at the design wave- 
length. 2: A coating that consists of several thin films and is more effective than 
a single film. 

aperture stop. An opening, usually circular, that limits the total RADIANT POWER 
entering a lens system. The IRIS is the aperture stop of the eye. 

aphakia. Having no CRYSTALLINE LENS. 

aplanatic. [n FOURIER TRANSFORM OPTICS, SHIFT INVARIANT. 

apochromatic objective. A microscope OBJECTIVE that is free from both chro- 
matic and spherical aberrations. 

apodization. Reducing the amplitude of the secondary maxima of, for example, 
the AIRY DISK. 

apparent perspective distortion. The seeming distortion of objects in a pho- 
tograph when the photograph is viewed from a distance markedly different from 
its CENTER OF PERSPECTIVE. 

astigmatism. 1: In visual optics, the condition that the CORNEA is not perfectly 
spherical but rather slightly oblate. 2: In lens optics, an off-axis ABERRATION that 
exists independently of whether the lens surfaces are accurately spherical. 

attenuation. The diminution of average power with distance. 

avalanche photodiode. A PHOTODIODE 2 that achieves gain by an electron 
avalanche. 

aversion response. In visual optics, averting the eye in response to a sudden 
stimulus such as a bright light. 

axial mode. Of a laser, a mode that corresponds to one of a discrete number of 
wavelengths at which the laser oscillates. Also called spectral mode or longitudinal 
mode. 

Babinet's principle. The principle that the amplitude diffraction pattern of one 
screen plus that of its complement equals the amplitude diffraction pattern of the 
unobstructed aperture. The complementary screen is the negative of the screen; 
that is, the AMPLITUDE TRANSMITTANCE of the complementary screen is defined 
as 1 minus the amplitude transmittance of the screen. 

back focal length. WORKING DISTANCE. 

backscatter. In an optical fiber, the scattering of power into the CORE of the fiber 
and back toward the source. 

balance ratio. In HOLOGRAPHY, the ratio of the IRRADIANCE of the plate by the 
OBJECT BEAM to that by the REFERENCE BEAM. 

band gap. In semiconductors, the energy gap between the valence band and the 
conduction band. 

bandwidth. 1: The highest modulation frequency that can be recorded by an 
optical detector, usually defined as the frequency at which the RESPONSIVITY is 
one-half that at low frequencies. 2: The range of frequencies that can be recorded 
by an electronic device, such as an amplifier used with an optical detector, and 
usually measured between the points at which the responsivity is one-half the 
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maximum value. 3: The highest modulation frequency that can be transmitted 
by an optical fiber, usually defined as in 1. 

Barlow lens. In astronomy. a NEGATIVE LENS, similar to the second element of 
a TELEPHOTO LENS and used to increase the EFFECTIVE FOCAL LENGTH of the 
OBJECTIVE and hence the MAGNIFYING POWER of a telescope. 

base density. Of a photographic film. the OPTICAL DENSITY of the material onto 
which the EMULSION is coated. See also FOG DENSITY. 

beam-optics launch. In optica] communications, using a lens system to launch a 
beam of light into the CORE of an optical fiber. 

beam divergence. The angular half-width of a beam, typically a COLLIMATED 
beam. Specifically, 1: Of a diffraction-limited beam, 1.22 times the F-NUMBER 
of the collimating lens. 2: Of a Gaussian beam, A/(mwo), where wo is the BEAM 
WAIST of the Gaussian beam. 3: Of a beam that is not collimated or not diffraction 
limited, the actual angle of divergence or convergence. Specifically, if the source 
is larger than the AIRY DISK, the minimum attainable beam divergence is equal 
to the angular subtense of the source as measured from the primary PRINCIPAL 
POINT of the collimating lens. 

beam radius. Of a GAUSSIAN BEAM in any plane, the radius as measured by 
the distance between the location of the maximum AMPLITUDE and the location 
where the amplitude falls to 1/e times the maximum amplitude. 

beam splitter. A mirror that reflects a fraction of the incident RADIANT POWER 
and transmits a fraction. Sometimes called a partially silvered mirror or a partial 
reflector. 

beam waist. Of a GAUSSIAN BEAM, the smallest value of the BEAM RADIUS. 

beam width. BEAM RADIUS. 

bel. One logarithmic unit. SI symbol: B. 

bending loss. In an optical fiber, the loss of power owing to bends or curves of 
the fiber. 

bifocals. In visual optics, spectacles that have lenses with two different powers, one 
for distance vision and one for near vision, and used to correct for PRESBYOPIA. 
See also TRIFOCALS. 

binoculars. Two TERRESTRIAL TELESCOPES that use prisms to erect the image 
and are mounted parallel to each other so that they may be used with both eyes. 

biplanar photodiode. A PHOTODIODE 1 whose PHOTOCATHODE and anode are 
planar, parallel, and separated by a short distance to allow high-speed detection. 

birefringence, birefringent. Having an INDEX OF REFRACTION that varies with 
POLARIZATION and direction of propagation. 

blackbody. In RADIOMETRY, à body that absorbs all the RADIANT POWER incident 
on it and at all wavelengths. 

blazing. Sloping or otherwise contouring the slits or facets of a DIFFRACTION GRAT- 
ING so that the majority of the incident power is diffracted into an ORDER other 
than 0. 

bolometer. In RADIOMETRY, a THERMAL DETECTOR whose electrical resistance 
changes with temperature. 

borescope. A microscope that has a number of relay lenses to permit remote 
viewing, as inside the bore of a cannon. 

bound ray or mode. In optical communications, a ray or mode that is trapped 
in the CORE of an optical fiber. See also LEAKY RAY OR MODE. 

Bragg diffraction or reflection. Reflection from planes in a crystal or, by ex- 
tension, from planes in a thick HOLOGRAM, an ultrasonic wave, or a grating in a 
waveguide. 
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Brewster’s angle. The ANGLE OF INCIDENCE onto a dielectric such that a beam 
whose electric-field vector is parallel to the PLANE OF INCIDENCE has a theoretical 
REFLECTANCE of 0. Specifically, 93 = tan~'(n’/n), where n' is the INDEX OF 
REFRACTION of the first medium and n, of the second. 

Brewster's law. The statement that the sum of BREWSTER'S ANGLE and the 
corresponding ANGLE OF REFRACTION is equal to 7/2. 

Brewster window. In a laser, a window that is oriented at BREWSTER'S ANGLE 
in order to reduce loss due to reflection or to polarize the output light. See also 
POLARIZED LIGHT. 

bright adapted. In visual optics, the condition that the eye is adapted to high 
LUMINANCE and can see color. See ROD, CONE. 

brightness. Obsolete synonym for LUMINANCE. 

brightness temperature. In RADIOMETRY, the temperature of a BLACKBODY that 
has the same RADIANCE as a GRAYBODY, usually at the wavelength of 650 nm. 

buckshot. A naive model of the PHOTON. 

buried waveguide. A CHANNEL WAVEGUIDE that has been drawn beneath the 
surface of the substrate or has been covered with a superstrate. 

candela. One lumen per steradian. SI symbol: cd. 

cardinal point. See FOCAL POINT, NODAL POINT, PRINCIPAL POINT. 

cataract. In visual optics, an opacity of the CRYSTALLINE LENS. 

cavity. See OPTICAL RESONATOR. 

cavity lifetime. In an OPTICAL RESONATOR without gain, the time required for a 
pulse to decay to 1/e of its initial energy. 

center of perspective. Of a photograph, the distance from which an image must 
be viewed in order to ensure that all the objects in the image subtend the same 
angles that they subtended when they were photographed. See APPARENT PER- 
SPECTIVE DISTORTION. 

channel waveguide. A narrow PLANAR WAVEGUIDE in or on a planar substrate, 
as distinguished from a SLAB WAVEGUIDE. See also RIDGE WAVEGUIDE. 

characteristic curve. In photography, the D vs LoG & CURVE of a film or plate. 

charge-coupled device. The sensor used in many video cameras, typically divided 
into a rectangular array of PIXELs. Also called a CCD array. 

chromatic aberration. The ABERRATION that results when the INDEX OF RE- 
FRACTION of a lens varies as a function of wavelength. 

chromatic dispersion. In optical communications, the DISPERSION that results 
from the variation of INDEX OF REFRACTION with wavelength, so called to distin- 
guish it from POLARIZATION-MODE DISPERSION. 

chromatic resolution limit. INSTRUMENTAL LINE WIDTH. 

chromatic resolving power. A figure of merit of the resolving power of a dis- 
persive instrument such as a DIFFRACTION GRATING or a FABRY-PEROT INTER- 
FEROMETER. Specifically, if the chromatic resolution limit or INSTRUMENTAL LINE 
WIDTH of such an instrument is AA, then the chromatic resolving power is A/AA. 

circle of confusion. The out-of-focus image of a point. 

circular polarizer. A device that converts PLANE-POLARIZED LIGHT to CIRCU- 
LARLY POLARIZED LIGHT. 

circularly polarized light. ELLIPTICALLY POLARIZED LIGHT whose electric-field 
components are equal and out of phase by 7/2. 

cladding. The material that surrounds the CORE of an optical fiber. 

cladding mode. A radiation mode that propagates in the CLADDING of an optical 
fiber, rather than being confined to the CORE. 

cladding mode stripper. A device or a substance that is used to remove the 
CLADDING MODEs from an optical fiber. 
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coherence. The property of a light beam that allows the formation of INTERFER- 
ENCE FRINGES or other manifestations of interference. A beam that produces 
highly contrasty interference fringes is said to be highly coherent. A beam that 
produces weak or nonexistent interference fringes is said to be incoherent. A beam 
that produces moderately contrasty interference fringes is said to be partially co- 
herent. See FRINGE VISIBILITY. 

coherence area. The area over which a beam may be considered to be coherent for 
performing interference by DIVISION OF WAVEFRONT, that is, across a WAVEFRONT. 

coherence length. 1: The distance over which a beam may be considered to be 
coherent for performing interference by DIVISION OF AMPLITUDE, that is, along a 
normal to the WAVEFRONT. 2: In second-harmonic generation, the distance over 
which the fundamental wave and the second harmonic remain in phase with each 
other. 

coherence time. The COHERENCE LENGTH divided by the SPEED OF LIGHT. 

coherent background. The REFERENCE BEAM in Gabor’s original HOLOGRAPHY. 

coherent transfer function. The TRANSFER FUNCTION when the illumination is 
coherent. See also MODULATION TRANSFER FUNCTION. 

collimate. To make rays parallel, usually by projecting the image of a point source 
or a small source to oo. 

color temperature. In RADIOMETRY, the temperature of a BLACKBODY that has 
the same temperature as a GRAYBODY. Color temperature is therefore an estima- 
tor of the temperature of the graybody. 

complementary screen. See BABINET'S PRINCIPLE. 

compound microscope. A MICROSCOPE that consists of an OBJECTIVE and an 
EYEPIECE, as well as, possibly, other components. 

concentric cavity. A laser CAVITY that consists of two concave mirrors, often with 
equal radii of curvature, and whose centers of curvature coincide. 

condensing lens. 1: In a PROJECTION SYSTEM, such as a slide projector, the 
lens that collects light from the lamp and focuses it into the aperture of the 
PROJECTION LENS. 2: In a microscope, the lens that collects the light from the 
source and projects it into the neighborhood of the specimen. 

cone. In visual optics, one of the receptors that are concentrated in the MACULA 
LUTEA, operate in bright light, and can see color. 

confocal cavity. A laser CAVITY that consists of two concave mirrors, often with 
equal radii of curvature, and whose focal points coincide. 

confocal Fabry-Perot interferometer. A FABRY-PEROT INTERFEROMETER 
that consists of a CONFOCAL CAVITY rather than plane mirrors. 

conjugate distances. The object and image distances. 

conjugate points. The object and image points. 

conjugate reconstruction. In holography, a RECONSTRUCTION that is extraneous 
and usually has inverted perspective. 

connector. In optical communications, a fixture that is attached to a fiber end 
to allow the fiber to be attached demountably to another fiber or to another 
component. See also COUPLER. 

conservation of radiance. The statement that an optical system cannot increase 
the RADIANCE of a source by concentrating the light (except by projecting the 
image into a medium with a higher INDEX OF REFRACTION). 

constructive interference. The interference of two or more beams that are in 
phase and therefore yield a high value of intensity. See also DESTRUCTIVE INTER- 
FERENCE. 

contrast index. The average slope near the toe of the D vs. LOG Æ CURVE of a 
photographic film; a measure of the contrast of the film. See also GAMMA. 
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converging-beam optical processor. An OPTICAL PROCESSOR that uses one lens 
instead of the two lenses usually used in a 4-f OPTICAL PROCESSOR. 

convolution. A function similar to a CROSS-CORRELATION, except that one func- 
tion is changed to its mirror image. The convolution of a geometrical image and 
the IMPULSE RESPONSE of a system is used, for example, to calculate the proper- 
ties of the true image. 

core. In optical communications, the central, high-index region of an optical fiber, 
which traps and guides the light. See also CLADDING. 

cornea. The transparent, spherical protrusion in the front of the eye, which is 
primarily responsible for focusing the light onto the RETINA. 

corner cube. CUBE CORNER. 

cosine-squared fringes. Interference caused by two coherent beams of light, often 
approximately equal in intensity. The intensity typically varies as the square of 
the cosine of position, path difference, or WAVENUMBER. 

cosine-fourth law. The statement that the ILLUMINANCE in an image often drops 
off as the fourth power of the angle off the axis of a lens. 

coupler. 1: In optical communications. a device that connects one or more optical 
waveguides to one or more other optical waveguides. 2: A device, such as a prism 
or a grating. that permits the transmission of light into or out of an optical 
waveguide, but usually through the CORE-CLADDING or core-substrate interface. 

coupling loss. In optical communications, the fraction of the power transmitted 
from one fiber to another, as by a connector, usually expressed in DECIBELs. 

cover slip. In microscopy. a thin glass plate, which is usually 170 um thick and 
has an INDEX OF REFRACTION of 1.516, that is placed on top of a specimen. Also 
called a cover glass. 

critical angle. The smallest ANGLE OF INCIDENCE at which TOTAL INTERNAL RE- 
FLECTION is observed. 

critical illumination. In microscopy. projecting an image of a diffuse source onto 
the specimen. See also KOHLER ILLUMINATION. 

cross-correlation. A function that is generated by sliding one function across 
another, taking the product, and calculating the resulting integral at each point. 

crystalline lens. In visual optics, the lens of the eye, which is located behind the 
CORNEA and is necessary for ACCOMMODATION. 

cube corner. A mirror made of three planes that intersect at right angles, as at 
the corner of a cube. Such a mirror reflects an incident beam back in the direction 
from which it came and is an example of a retroreflector. 

cutoff. 1: Of a lens, the highest SPATIAL FREQUENCY that can be recorded in an 
image, assuming coherent illumination. 2: Of an optical waveguide, the condition 
that any given mode cannot propagate. 3: Of a single-mode optical fiber, the 
condition that the second-lowest order mode cannot propagate, that is, that the 
fiber supports only a single (lowest-order) mode. 

D". The reciprocal of the NOISE-EQUIVALENT POWER, normalized to unit area and 
unit bandwidth. D* may be used to compare the inherent properties of different 
materials used as photodetectors. Also called specific detectivity. See also DETEC- 
TIVIT Y. 

D vs log ^ curve. A graph of the OPTICAL DENSITY of a developed film as a 
function of the logarithm of the EXPOSURE; the characteristic curve of the film. 
dark adapted. In visual optics, the condition that the eye is adapted to low 

LUMINANCE and cannot see color. See ROD, CONE. 

dark-field illumination. In microscopy, the condition that light from the source 
cannot directly enter the APERTURE STOP of the OBJECTIVE. Also called dark- 
ground illumination. 
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dark current. Of a photodetector, the current that flows when the IRRADIANCE is 
0, that is, in the dark. See also LEAKAGE CURRENT. 

dark noise. Of a photodetector, the electronic NOISE associated with the DARK 
CURRENT. 

dark resistance. Of a PHOTOCONDUCTOR, the resistance when the IRRADIANCE is 
0, that is, in the dark. 

decibel. One-tenth of a BEL. SI symbol: dB. 3 dB represents a factor of 2 in power; 
10 dB, a factor of 10. 

dee star. See D". 

degree of coherence. See FRINGE VISIBILITY. 

delta parameter. Of an optical fiber, a measure of the index contrast between the 
CORE and the CLADDING, and given by (n$ —n3)/(2n2), where no is the maximum 
index of the core and nz is the cladding index. Note that the delta parameter is 
not the same as the difference of index between the core and the cladding. 

density. See OPTICAL DENSITY. 

depth of field. Of a lens, the region in the object space that is in acceptable focus. 

depth of focus. 1: Of a lens, the region in the image space that is in acceptable 
focus. 2: Of a Gaussian beam, the axial distance over which the BEAM RADIUS 
remains less than /2 times the BEAM WAIST. 

destructive interference. The interference of two or more beams that are out of 
phase and therefore yield a low value of intensity or 0. See also CONSTRUCTIVE 
INTERFERENCE. 

detectivity. The reciprocal of the NOISE-EQUIVALENT POWER. See also D*. 

dichroic crystal. A crystal that is BIREFRINGENT and absorbs one plane of PO- 
LARIZATION. Used in making POLARIZERS. 

diffraction. The modification of a light beam when it passes through an aperture 
or when it passes by an edge. See also INTERFERENCE. 

diffraction grating. A set of parallel lines or rulings, usually on a planar or spher- 
ical substrate, that is used to disperse light angularly according to its wavelength. 

diffraction lens. 1: A ZONE PLATE superimposed onto or etched into a planar SLAB 
WAVEGUIDE. 2: À miniature FRESNEL LENS fabricated with careful control of the 
shape of the facets and thereby made DIFFRACTION LIMITED. 

diffraction limited. 1: Of a lens, capable of achieving the RESOLUTION LIMIT 
imposed by diffraction. 2: More generally, of a beam, within a specified tolerance, 
usually one-quarter wavelength, of the desired WAVEFRONT, usually a plane or a 
sphere. 

diffuse reflection. The reflection produced by a rough surface, a surface that 
scatters light in all directions, as opposed to a mirror. See also SPECULAR RE- 
FLECTION. 

diffuse reflector. 1: A surface that scatters incident light in all directions, usually 
within a hemisphere. 2: A LAMBERTIAN REFLECTOR. 

diffuser. A DIFFUSE REFLECTOR or an analogous scattering surface that is translu- 
cent and scatters light into a complete sphere, that is, both forward and backward. 

diode laser. A laser whose active medium is a reverse-biased PN JUNCTION. The 
cavity may include one or more mirrors or DIFFRACTION GRATINGs external to 
the junction. 

diopter. The unit of POWER of a lens in visual optics. Specifically, the reciprocal 
of the focal length in meters. SI symbol: none. 

directional coupler. In optical communications, a COUPLER that divides the 
power in a single waveguide into two waveguides. 

dispersion. 1: In optics, the dependence of any quantity on wavelength. 2: Dep- 
recated: in optical communications, a synonym for DISTORTION. See also CHRO- 
MATIC DISPERSION, MATERIAL DISPERSION, POLARIZATION-MODE DISPERSION. 
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distortion. 1: In imaging optics, the failure of an image to appear rectilinear; 
one of the ABERRATIONS. 2: In optical communications, the change of shape of a 
waveform owing, for example, to transmission through an optical fiber or to de- 
tection by an electronic system and excluding ATTENUATION. See also APPARENT 
PERSPECTIVE DISTORTION. 

division of amplitude. A means of creating interference by dividing the amplitude 
of à WAVEFRONT into two or more beams, as by a BEAM SPLITTER, and combining 
these beams. l 

division of wavefront. A means of creating interference by dividing a WAVEFRONT 
into two or more areas and combining waves transmitted or reflected by these 
regions. 

Doppler shift. The change of wavelength or frequency due to the motion of a 
source or reflector with respect to the observer. 

duality of light. In quantum mechanics, the statement that light has properties 
in common with both waves and particles. See also TRIPLICITY OF LIGHT. 

dynode. See PHOTOMULTIPLIER TUBE. 

EDFA. Erbium-doped fiber amplifier. See also FIBER LASER OR AMPLIFIER. 

edge-emitting laser. A DIODE LASER that is designed to emit from the edge of 
the active (depletion) layer, as opposed to a SURFACE-EMITTING LASER. 

edge enhancement. In OPTICAL PROCESSING, sharpening or bringing out the 
contrast of edges at the expense of areas of constant intensity. 

edge response. The image of an edge in an optical system; the CONVOLUTION of 
the IMPULSE RESPONSE with a step function. 

edge ringing. The existence of diffraction fringes near the image of an edge, prin- 
cipally in a coherent system or in an OPTICAL PROCESSING system. 

effective F-number. The ratio of the image distance to the diameter of the EXIT 
PUPIL of a lens. Equal to the F-NUMBER times (1 — m), where m is the MAGNI- 
FICATION and m « 0 when the image is real and inverted. 

effective focal length. The combined focal length of a series of lenses or the focal 
length of a THICK LENS. The focal lengths of thin lenses in contact, for example, 
add reciprocally. 

effective index of refraction. The SPEED OF LIGHT c divided by the PHASE 
VELOCITY of the mode in an optical waveguide. 

electro-optic effect. See KERR EFFECT. 

electro-optic modulator or shutter. A shutter or modulator whose operation 
is based on the KERR EFFECT or the POCKELS EFFECT. 

electro-optics. See OPTOELECTRONICS. 

elliptically polarized light. Light whose electric-field vector can be expressed as 
the sum of two orthogonal components that have a constant phase difference and 
whose amplitudes have constant ratio. See also PLANE-POLARIZED LIGHT. 

emissivity. The ratio of the RADIANT EMITTANCE or radiant exitance of a GRAY- 
BODY to that of a BLACKBODY at the same wavelength and temperature. 

empty magnifying power. MAGNIFYING POWER that exceeds the USEFUL MAG- 
NIFYING POWER of a system such as a microscope or a telescope. 

emulsion. In photography, the suspension of silver halide GRAINs that is coated 
onto a film or glass plate and is sensitive to light. 

enlarger. A specialized PROJECTOR for printing photographs. 

equilibrium length. The length of an optical fiber required for the mode distri- 
bution to remain a constant, independent of distance, except for ATTENUATION. 

equilibrium mode distribution. The distribution of power among the modes of 
an optical fiber after the EQUILIBRIUM LENGTH has been reached. 
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equilibrium mode simulator. A device, such as a serpentine bend, that pref- 
erentially attenuates higher-order modes in an optical fiber and approximately 
brings about an EQUILIBRIUM MODE DISTRIBUTION. 

equivalent refracting surface. Of a lens, a surface, approximately spherical, that 
may be used in constructing the image. See PRINCIPAL PLANE. 

erecting lens. In an instrument such as a telescope, a lens that relays an inverted 
image and renders it erect, that is, not inverted. 

erecting telescope. A telescope that includes a device for making the image erect. 
See also TERRESTRIAL TELESCOPE. 

evanescent wave. A wave that decays approximately exponentially in a given 
direction and does not propagate in that direction. See CRITICAL ANGLE. TOTAL 
INTERNAL REFLECTION. 

entrance pupil. The image of the APERTURE STOP as seen from the object side of 
a lens or optical system. In a telescope or microscope, often coincides or nearly 
coincides with the aperture stop of the OBJECTIVE. See also PUPIL. 

exit pupil. The image of the APERTURE STOP as seen from the image side of a 
lens or optical system. In a telescope or microscope, the waist that lies directly 
behind the EYEPIECE. See also PUPIL. 

exposure. In photography, the product of ILLUMINANCE and EXPOSURE TIME. 

exposure time. In photography, the duration of the exposure of the film to light. 

extended source. A diffuse source or DIFFUSE REFLECTOR that cannot be consid- 
ered a POINT SOURCE. 

extraordinary ray. In a BIREFRINGENT material, a ray or wave whose electric field 
vector lies in the same plane as the OPTIC AXIS and which does not seem to obey 
the LAW OF REFRACTION. See also RIREFRINGENCE, ORDINARY RAY. 

eyepiece. The lens or lenses that are used to examine the intermediate image in a 
telescope or a (compound) microscope. 

4-f optical processor. An OPTICAL PROCESSOR that consists of two identical 
lenses separated by twice their focal length. The INPUT PLANE is located at the 
primary focal point of the first lens, and the OUTPUT PLANE, at the secondary 
focal point of the second lens. The input plane is illuminated with COLLIMATEd 
light. 

F-number. Of a lens, the ratio of the focal length to the diameter of the EXIT 
PUPIL. See also EFFECTIVE F-NUMDER. 

F-stop. One of several calibrated values of the F-NUMBER of a photographic OB- 
JECTIVE. 

Fabry-Perot interferometer. An INTERFEROMETER that uses multiple reflec- 
tions between two carefully aligned plane or spherical mirrors. 

Faraday effect. The rotation of the electric field of a light beam in response to 
a magnetic field applied to a dielectric medium. A device that uses the Faraday 
effect is called a Faraday rotator. The Verdet constant V relates the rotation of 
the plane of polarization to the magnetic field strength B by 6 = V Bl, where l 
is the length of the specimen. 

far-field diffraction. The special case of diffraction when the observing screen is 
a great distance away from the diffracting screen. Specifically, for many purposes, 
the distance between the two screens must exceed s?/A, where s is one-half the 
largest diameter of the diffracting aperture. 

far-sightedness. In visual optics, the condition that the image is focused in front 
of the RETINA, so that nearby objects are not in good focus. Not to be confused 
with PRESBYOPIA. See also NEAR-SIGHTEDNESS. 

Fermat's principle. The principle that the optical path between two points is an 
extremum, that is, a maximum or a minimum. 
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fiber laser or amplifier. A laser or amplifier whose active medium is an opti- 
ca] fiber, usually distinguished from a SOLID-STATE LASER or a DIODE LASER, 
and usually pumped by a laser beam that propagates along the fiber. In optical 
communications, the active species is often erbium. 

field. In a video camera, one-half of a complete FRAME, consisting of all the odd- 
numbered lines or all the even-numbered lines. 

field of view. 1: The region that can be seen in the image plane of an optical 
system such as a camera, a microscope, or a telescope. 2: Sometimes, the half- 
angle subtended by that region, or the angular field of view. 

field stop. In an instrument such as a camera, a microscope, or a telescope, the 
structure in the image plane that limits the FIELD OF VIEW. 

finesse. Of an interferometer, the ratio of the FREE SPECTRAL RANGE to the IN- 
STRUMENTAL LINE WIDTH. 

fixer. In photography, the chemical that dissolves undeveloped silver halide GRAINS 
ands renders the photograph insensitive to light. Also called hypo. 

flicker noise. Of an electronic circuit, noise of unknown origin, whose power per 
unit bandwidth increases in proportion to the reciprocal of the modulation fre- 
quency. Also called 1/f noise. 

focal length. Of a lens or lens system, the image distance that corresponds to an 
infinitely distant object (the secondary focal length), or the object distance that 
corresponds to an infinitely distant image (the primary focal length). 

focal point. Of a lens or lens system, the CONJUGATE POINT that corresponds to 
an infinitely distant object (the secondary focal point), or the conjugate point that 
corresponds to an infinitely distant image (the primary focal point). Sometimes 
incorrectly used in place of IMAGE POINT. 

fog density. Of a photographic film, the OPTICAL DENSITY of the unexposed regions 
of the EMULSION. See also BASE DENSITY. 

forbidden transition. In quantum mechanics, a TRANSITION that is relatively 
unlikely and therefore gives rise to a long-lived, or metastable, state. Strictly, a 
transition that is dipole-forbidden, that is, forbidden in first-order perturbation 
theory. 

Fourier transform optics. The branch of optics in which the Fourier transform 
of the image is displayed in the TRANSFORM PLANE and manipulated to produce 
different effects in the IMAGE PLANE. 

Fourier transform hologram. In OPTICAL PROCESSING, a HOLOGRAM that is 
exposed in the Fourier TRANSFORM PLANE. See also MATCHED FILTER. 

fovea centralis. In visual optics, a small region near the center of the MACULA 
LUTEA, where vision is most acute. 

frame. In a video camera, a single image, usually rectangular and consisting of 
approximately 500 lines. Two consecutive FIELDS. 

Fraunhofer diffraction. FARFIELD DIFFRACTION. 

free spectral range. Of an interferometer, the range of wavelengths over which 
only one order of interference is visible. Also called range without overlap. 

frequency plane. TRANSFORM PLANE. 

frequency doubling. Second-HARMONIC GENERATION. 

frequency response. The ratio of the output of an optical detector to its input, 
as a function of modulation frequency. 

frequency upconversion. A special case of PARAMETRIC AMPLIFICATION. 

Fresnel diffraction. 1: Usually, NEARFIELD DIFFRACTION. 2: Strictly, diffraction 
in a region that extends beyond any EVANESCENT WAVES that may be created by 
the diffracting aperture. 
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Fresnel lens. A lens, usually circular, made of prismatic annuli, or facets, each of 
which directs the incident light toward the same point. Not to be confused with 
a FRESNEL ZONE PLATE. See also DIFFRACTION LENS. 

Fresnel zone. A zone in a diffracting aperture, usually annular, the waves from 
which to a specified point add constructively. More specifically, the waves from 
adjacent Fresnel zones interfere destructively with each other. 

Fresnel zone plate. An imaging device made by blocking alternate FRESNEL 
ZONEs in order to bring about CONSTRUCTIVE INTERFERENCE. Not to be confused 
with a FRESNEL LENS. See also DIFFRACTION LENS, ZONE PLATE. 

Fresnel's laws. Four equations that describe the AMPLITUDE REFLECTANCE AND 
TRANSMITTANCE of a planar interface between two dielectric media. 

fringe visibility. The contrast (Imax — luin)/(Imax + Imin) of INTERFERENCE 
FRINGEs formed by two beams of equal intensity; the magnitude of a mathemat- 
ical function, the degree of coherence, and used as a measure of the COHERENCE 
of the light. 

g profile. See POWER-LAW PROFILE. 

Galilean telescope. An ERECTING TELESCOPE whose EYEPIECE is a NEGATIVE 
LENS. 

gamma. In photography, the slope of the D vs LOG CURVE in the region where 
that curve is linear. See also CONTRAST INDEX. 

gas laser. A laser whose active medium is a gas, usually pumped by a gas discharge. 

Gaussian beam. 1: A beam whose amplitude distribution in any plane perpen- 
dicular to the direction of propagation may be described as a Gaussian function. 
2: More generally, a beam whose amplitude distribution may be described by a 
Gaussian function multiplied by a sum of one or more Hermite polynomials. 

geodesic lens. A lens that is made by creating a depression or a bump in a SLAB 
WAVEGUIDE. The light in the waveguide follows a geodesic and is focused. 

geometric optics. Also geometrical optics. Ray optics, that is, optics that ignores 
the wave nature of light or assumes that the wavelength is 0. 

Glan-Thompson prism. A kind of POLARIZER made of two prisms of birefringent 
material in contact. 

glass. A hard material, generally based on silica, or SiO2, and which is regarded as 
a supercooled liquid rather than a solid. Glass is transparent in the visible region 
of the spectrum and used to manufacture lenses, mirrors, and prisms. 

Goos-Hanchen shift. The phase shift that occurs after TOTAL INTERNAL REFLEC- 
TION. 

graded-index fiber. Also graded-inder waveguide. An optical fiber, usually mul- 
timode, the index of refraction of whose CORE follows a POWER-LAW PROFILE. 

graded-index lens. 1: A lens, often used to couple fibers end-to-end, that is made 
of a short rod and focuses by means of a POWER-LAW PROFILE. 2: In integrated 
optics, a planar lens made similarly. 

grain. In photography, crystals of silver halide that are light-sensitive and are 
incorporated into the EMULSION, 

grating coupler. In integrated optics, a DIFFRACTION GRATING that is superim- 
posed onto a planar waveguide in order to couple light into that waveguide. 

grating equation. In the theory of the DIFFRACTION GRATING, the equation mA = 
dsin@, which describes the angular locations 0 of the diffracted orders of the 
wavelength A. 

graybody. A body that emits radiation owing to its temperature but whose EMIS- 
SIVITY is less than that of a BLACKBODY and is only approximately independent 
of wavelength. 

group delay. The time required for a pulse to propagate from one end of an optical 
fiber to the other; the transit. time. 
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group index of refraction. The speed of light divided by the group velocity. 

group velocity. The velocity of propagation of a pulse. In a dispersive medium, 
the group velocity is not equal to the PHASE VELOCITY. 

half-period zone. FRESNEL ZONE. 

half-wave plate. A WAVE PLATE that introduces a phase difference of one- 
half wavelength between two orthogonal components of POLARIZATION. See also 
QUARTER-WAVE PLATE. 

half-wave voltage. The voltage drop across an electro-optic crystal, which induces 
a phase difference of one-half wavelength. 

hand lens. MAGNIFYING GLASS. 

harmonic generation. Use of a nonlinear material to generate frequencies of 2, 
3, 4, ... times the frequency of the incident light. 

high-pass filter. In OPTICAL PROCESSING, a SPATIAL FILTER that blocks low-order 
spatial frequencies. 

hologram. 1: A recording of the amplitude and phase scattered by an object 
and which may be used to create a three- dimensional RECONSTRUCTION of that 
object. 2: The reconstruction itself. 

Huygens's principle. The principle that each point on a wavefront emits a spher- 
ical wavelet, called a Huygens wavelet, and the sum of these spherical wavelets 
gives rise to a new wavefront. The Huygens wavelet is biased toward the forward 
direction by a multiplicative factor called the obliquity factor. 

hyperopia. Also hypermetropia. FAR-SIGHTEDNESS. 

illuminance. The LUMINOUS POWER per unit area incident on a surface. 

illumination. Obsolete synonym for ILLUMINANCE. 

image distance. The distance between the secondary PRINCIPAL POINT and the 
image plane. 

image point. A specific point in the image, typically the intersection of the lens 
axis with the image plane. 

image processing. OPTICAL PROCESSING. 

impulse response. The response of a linear system to an impulsive input. Specifi- 
cally, in a coherent-imaging system that is position-invariant, the amplitude image 
of a point. Similarly, in an incoherent-imaging system that is position-invariant, 
the intensity image of a point. Not defined in a partially coherent system. 

incoherence. See COHERENCE. 

index of refraction. Of a medium, the ratio of the SPEED OF LIGHT in vacuum 
to that in the medium. 

index profile. 1: The index of refraction of an optical fiber or of a waveguide as a 
function of position in a plane perpendicular to its axis. 2: The index of refraction 
of any optical element as a function of position. 

infrared. LiGHT whose wavelength is greater than 700 nm. See also ULTRAVIOLET. 

input plane. Of an OPTICAL PROCESSOR, the plane of the object. 

instrumental line width. Of a diffraction grating or an interferometer, the full 
width at half-maximum of the spectral line produced by a spectrally narrow 
source, usually measured in wavelength or frequency space. Equal to the chro- 
matic resolution limit, or least resolvable wavelength or frequency interval, of the 
instrument. 

integrated optics. The optics of PLANAR WAVEGUIDES, wherein many devices may 
be integrated onto a single substrate. 

integrating sphere. In RADIOMETRY, a hollow sphere with a diffuse coating on 
the inside, and which is used to measure the power of a beam or a source. 

intensity. 1: The absolute square of the electric field; used in place of IRRADIANCE 
when only relative values are important. 2: RADIANT INTENSITY. 
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interference. The interaction between two or more beams of light, assuming that 
the beams are coherent with one another. See also COHERENCE. 

interference filter. A filter, usually a transmitting filter, that passes a limited 
range of wavelengths or that has a cutoff and passes only wavelengths above or 
below that cutoff. See also MULTILAYER MIRROR, ANTIREFLECTION COATING. 

interference fringes. The pattern of bright or bright and dark bands that result 
from the interference between two or more beams. 

interference microscope. A microscope that is fitted with an INTERFEROME- 
TER, typically a MACH-ZEHNDER INTERFEROMETER, in order to allow visualizing 

. transparent objects that differ in INDEX OF REFRACTION from their surrounding. 

interferometer. A device that uses interference between two or more beams to 
perform some kind of measurement. Typical interferometers include MICHELSON, 
MACH-ZEHNDER, and FABRY- PEROT INTERFEROMETERS. 

interlacing. In a video camera, putting together two consecutive FIELDs to make 
one FRAME. 

intermodal distortion. In optical communications, the DISTORTION that occurs 
because different modes of a fiber have different group velocities. See also IN- 
TRAMODAL DISTORTION. 

intramodal distortion. In optical communications, the DISTORTION that occurs 
within one mode, for example. due to CHROMATIC DISPERSION. See also INTER- 
MODAL DISTORTION. 

ion-exchanged waveguide. A PLANAR WAVEGUIDE that is fabricated by allowing 
ions of a dopant to diffuse into the substrate and replace ions in the substrate, as 
when potassium ions are diffused into a glass substrate and sodium ions diffuse 
out. 

iris. A pigmented membrane just behind the CORNEA, which regulates the power 
that enters the eye. The circular opening in the iris is the PUPIL. 

iris diaphragm. A circular device with a variable hole in its center, typically used 
in a camera to regulate the power that enters the lens. 

irradiance. The RADIANT POWER per unit area incident on a surface. SI symbol: 
W /cm?. 

Johnson noise. THERMAL NOISE. 

Kerr effect. Also electro-optic effect. The induction of BIREFRINGENCE in a liquid 
when an electric field is applied. A device that uses the Kerr effect is called 
a KERR CELL. The Kerr constant K relates the magnitude An of the induced 
birefringence to the electric field by An = KAE?, 

Kóhler illumination. In microscopy, illuminating a specimen with a diffuse source 
in such a way that the image of the source is projected to oo, that is, the source 
light is COLLIMATEd. See also CRITICAL ILLUMINATION. 

Lagrange invariant. In lens optics, the quantity hnsinu or, in the paraxial ap- 
proximation, hnu. 

Lambertian reflector. A diffusely scattering surface that has the properties of a 
LAMBERTIAN SOURCE. 

Lambertian source. A diffuse source of light, which has constant radiance (or 
luminance) as a function of the viewing angle. 

Lambert's law. The statement that the intensity through an absorber decreases 
exponentially, that is, proportionally to exp(—al), where I is distance inside the 
absorber and o is the ABSORPTION COEFFICIENT. 

lamp. In optics, a device that generates LIGHT, including wavelengths outside the 
VISIBLE SPECTRUM, but usually distinguished from a laser or a LIGHT-EMITTING 
DIODE. 
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laser. A device that, typically, consists of an amplifying medium inside an OPTICAL 
RESONATOR and emits a powerful, often coherent beam of light. See Table 8.1 of 
the text for a listing of various laser types and their wavelengths. 

latent image. In photography, an image that has been exposed onto a film or plate 
but not yet developed. 

law of reflection. The statement that the ANGLE OF INCIDENCE equals the ANGLE 
OF REFLECTION. 

law of refraction. Also Snell's law. nsini = n‘ sini’, where n is the index of 
refraction of the first medium, i is the angle of incidence, n’ is the index of 
refraction of the second medium, and 7’ is the angle of refraction. 

leakage current. The DARK CURRENT of a semiconductor PHOTODIODE. 

leaky ray or mode. In fiber optics, a ray or mode that is guided according to 
GEOMETRIC OPTICS but in fact is partly transmitted owing to the curvature of 
the CORE-CLADDING interface. 

“len”. A single spherical refracting surface. Two such surfaces make a lens. 

light. Electromagnetic radiation within the VISIBLE SPECTRUM and, by extension, 
electromagnetic radiation that is outside the visible spectrum but which is de- 
tected or generated by means similar to those used to detect and generate visible 
light. See also INFRARED, ULTRAVIOLET. 

light-emitting diode. A semiconductor diode that is reverse-biased and emits 
incoherent light. 

limit of resolution. RESOLUTION LIMIT. 

limiting aperture. APERTURE STOP. 

line. 1: In a video camera, a single horizontal line segment that extends from one 
edge of the FRAME to the other and is usually represented by a series of digitized 
voltages. 2: With respect to RESOLVING POWER, one black or opaque stripe and 
one white or clear stripe, which are adjacent and have equal widths, and are 
usually surrounded by similar stripes. Also called a line pair. 3: A ruling on a 
DIFFRACTION GRATING. 4: A spectral line in a LINE SPECTRUM. 

line source. A source of radiation, such as a gas discharge tube, that emits a LINE 
SPECTRUM. 

line spectrum. A SPECTRUM that consists primarily of a series of discrete spectral 
lines. 

linear system. A system that satisfies the condition that Flaf(x) + bg(r)| = 
aF|f(r)4bF|g(x)], where F is an operator, f(z) and g(x) are functions, and a and 
b are arbitrary constants. In a coherent optical system, f(z) and g(x) represent 
the electrical-field amplitude, and in an incoherent optical system, the intensity. 
The operator F may represent, for example, a Fourier-transform operation. If a 
system is not a linear, it cannot be characterized by an impulse response and 
cannot be analyzed by Fourier transform optics. See also NEAR-FIELD SCANNING 
OPTICAL MICROSCOPE. 

linearly polarized light. PLANE-POLARIZED LIGHT. 

liquid crystal. A compound, usually organic, whose molecules typically show long- 
range order in one or two dimensions and is commonly used in birefringent ele- 
ments. 

local numerical aperture. Of a GRADED-INDEX FIBER, the NUMERICAL APERTURE 
at any point in the CORE. 

longitudinal magnification. The magnification of a small object that lies along 
the axis of a lens. Equal to the square of the (transverse) MAGNIFICATION. 

longitudinal mode. AXIAL MODE. 

longitudinal wave. See TRANSVERSE WAVE. 

low-pass filter. In OPTICAL PROCESSING, a SPATIAL FILTER that blocks high-order 
spatial frequencies. 
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lumen. The unit of LUMINOUS POWER. Equal to 1/683W at the wavelength of 
555 nm. SI symbol: lm. 

luminance. LUMINOUS POWER per unit area and per unit solid angle emitted or 
scattered by a luminous surface. Analogous to RADIANCE. 

luminous efficacy. The ratio of LUMINOUS POWER to RADIANT POWER at a given 
wavelength; the product of the LUMINOUS EFFICIENCY of the eye and 683 LUMENs 
per watt. 

luminous efficiency. Of the eye, the spectral RESPONSIVITY, in LUMENs per watt, 
normalized to 1 at 555 nm. 

luminous flux. LUMINOUS POWER. 

luminous intensity. Luminous power per unit solid angle radiated by a point 
source. Analogous to RADIANT INTENSITY. 

luminous power. The visual analog of RADIANT POWER, measured in LUMENS. 

Luneberg lens. In a planar waveguide, a GRADED-INDEX LENS whose INDEX PRO- 
FILE has radial symmetry. 

lux. The unit of ILLUMINANCE, equal to 1 LUMEN per square meter. ST symbol: Ix. 

Mach-Zehnder interferometer. 1: A two-beam INTERFEROMETER that uses two 
BEAM SPLITTERS and two mirrors, and directs the two beams through sepa- 
rate but approximately parallel paths. 2: In optical communications, the fiber or 
integrated-optical analog of 1, generally using DIRECTIONAL COUPLERs in place 
of mirrors and beam splitters. 

macula lutea. The area of the RETINA, just off the axis of the CORNEA, in which 
visual acuity is greatest; the area in which CONES are concentrated. See also 
FOVEA CENTRALIS. 

magneto-optics. See FARADAY EFFECT. 

magnification. In lens optics, the ratio of the height of the image to that of the 
object. Magnification is negative if the image is inverted. See also LONGITUDINAL 
MAGNIFICATION, USEFUL MAGNIFYING POWER. 

magnifying glass. A single lens, sometimes consisting of more than one element, 
that is placed before the eye to enlarge the image of an object. 

magnifying power. The ratio of the angular subtense of an image to that of the 
object viewed with the naked eye, usually from the distance of 25 cm. Used when 
MAGNIFICATION is not a meaningful measure, as with a MAGNIFYING GLASS, a 
microscope, or a telescope. 

Malus's law. The statement that the TRANSMITTANCE of a beam of PLANE- 
POLARIZED LIGHT by à POLARIZER whose axis is oriented at angle @ to the electric- 
field vector of the beam is cos? 8. 

mandrel wrap. In optical communications, wrapping a length of fiber one or 
more times around a mandrel, for example, to simulate an EQUILIBRIUM MODE 
DISTRIBUTION Or as a MODE FILTER. See also SERPENTINE BEND. 

marginal ray. In lens optics, a ray that passes just inside the APERTURE STOP. 

matched filter. In optical communications, a SPATIAL FILTER, usually a FOURIER 
TRANSFORM HOLOGRAM, that can be used to generate an autocorrelation function. 

material dispersion. In optical communications, the DISPERSION of the INDEX OF 
REFRACTION of an optical fiber. See also CHROMATIC DISPERSION. 

mechanical tube length. See TUBE LENGTH. 

meridional ray. A ray that passes through the axis of a lens or of a fiber but 
cannot be considered a paraxial ray. See also PARAXIAL APPROXIMATION, SKEW 
RAY. 

metastable state. In quantum mechanics, a long-lived energy level; see FORBIDDEN 
TRANSITION. 

Michelson interferometer. A two-beam INTERFEROMETER that uses a single 
beam splitter that both separates the two beams and recombines them. 


458 Glossary 


Michelson stellar interferometer. An two-beam interferometer that uses DIVI- 
SION OF WAVEFRONT to measure the FRINGE VISIBILITY of fringes of star light. 
microbend. In optical communications, bends in optical fibers, which have short 
periods and contribute to loss and mode coupling. 

microscope. An instrument that consists of one or more lenses or mirrors or both, 
and is used to magnify small, nearby objects. See also COMPOUND MICROSCOPE, 
MAGNIFYING GLASS, SCANNING CONFOCAL MICROSCOPE, TELESCOPE, VIDEO MI- 
CROSCOPE. 

missing order. Of a diffraction grating, an ORDER OF INTERFERENCE that is weak 
or absent because of a minimum in the envelope, that is, in the diffraction pattern 
of the individual slits. 

mode. In a laser, an OPTICAL RESONATOR, or an optical waveguide, an electric 
field distribution that can be described as a single element in a complete math- 
ematical set. An electric field distribution that, in such structures, is selected by 
CONSTRUCTIVE INTERFERENCE, 

mode-index lens. In a planar waveguide, a lens that is made by changing the 
thickness of the waveguide in order to change the EFFECTIVE INDEX of refraction. 

mode matching. Ensuring that the beam that is incident on a CAVITY is identical 
to a mode of that cavity, as when a laser beam is to be coupled to another cavity. 

mode-partition noise. Of a fiber or a laser, NOISE that results from an exchange 
of power among different modes. Often called modal noise in optical communica- 
tions. 

mode filter or mode stripper. 1: In optical communications, any device or 
substance that is used to remove modes from the CORE or the CLADDING of an 
optical fiber. 2: A similar device used in integrated optics to remove modes from 
the substrate or the superstrate. 

modulation transfer function. 1: The magnitude of the OPTICAL TRANSFER 
FUNCTION. The contrast of the image of a sinusoidal radiance distribution, as a 
function of SPATIAL FREQUENCY. 2: In photography, the contrast of such an image 
on film. Abbreviated MTF. 

monochromator. A device that uses a DIFFRACTION GRATING to filter all but a 
narrow band of wavelengths. See also SPECTROMETER. 

monolithic device. In integrated optics, a device that is manufactured entirely 
on a single substrate. 

monomode waveguide. SINGLE-MODE WAVEGUIDE. 

multilayer mirror. A dielectric mirror or a BEAM SPLITTER, as opposed to a 
metallic mirror or beam splitter, that is generally made of a QUARTER-WAVE 
STACK. 

myopia. NEAR-SIGHTEDNESS. 

near-field diffraction. 1: In optics, the special case of diffraction when the observ- 
ing screen is not a great distance away from the diffracting screen. Specifically, 
for many purposes, the distance between the two screens must be less than s? /A, 
where s is one-half the largest diameter of the diffracting aperture. 2: In antenna 
theory, the near-field region may refer to the reactive region, where EVANESCENT 
WAVES are significant. 

near-field scanning. In optical communications, scanning the exit face of a fiber, 
either point by point or with a video microscope. See also REFRACTED-RAY 
METHOD. 

near-field scanning optical microscope. An optical microscope that locates 
a probe close to a specimen and scans that specimen, usually in a raster. The 
diameter of the probe is usually much less than the wavelength of the light. Also 
NSOM. 
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near point. Of the human eye, the distance to nearest point that is in sharp focus, 
conventionally taken to be 25cm. 

near-sightedness. In visual optics, the condition that the image is focused be- 
hind the retina, so that distant objects are not in good focus. See also FAR- 
SIGHTEDNESS. 

negative. In photography, a photograph in which bright regions appear as dark 
and dark as white or transparent. 

negative lens. A lens whose secondary focal length is negative. 

NEP. See NOISE EQUIVALENT POWER. 

neural inhibition. In visual optics, the neurological process that turns off the 
signa] from the rods in bright light and allows the signal from the cones to dom- 
inate. 

Newtonian telescope. A REFLECTING TELESCOPE that uses a small diagonal 
mirror to deflect the image to an EYEPIECE located to one side of the OBJECTIVE. 

Newton's form. An alternate form of the lens equation, rz’ = f f’. 

Nicol prism. A calcite prism used as a POLARIZER. 

night glasses. Binoculars designed with large EXIT PUPILs for use at night. 

Nipkow disk. A perforated disk that is rotated at high speed in order to allow 
the image in a SCANNING CONFOCAL MICROSCOPE to be viewed in real time. 

nodal point. Of a lens, one of two points such that a ray directed at one nodal 
point leaves the other at the same angle to the axis as the first ray. In air, the 
nodal points coincide with the PRINCIPAL POINTS. 

noise. Any random electronic current or voltage, especially one that degrades the 
desired signal. 

noise equivalent power. Of an optical detector, the input RADIANT POWER that 
produces an output signal equal to the average NOISE signal. See also DARK 
NOISE, FLICKER NOISE, MODE-PARTITION NOISE, SHOT NOISE, RELATIVE INTEN- 
SITY NOISE, THERMAL NOISE. 

nonlinear optics. Generation of wavelengths other than the incident wavelength, 
generally owing to a nonlinearity of the index of refraction of a medium. 

normalized frequency. V-NUMBER. 

NSOM. NEAR-FIELD SCANNING OPTICAL MICROSCOPE. 

numerical aperture. 1: Of a lens, the sine of the half-angle between a MARGINAL 
RAY and the axis, as measured at a focal point. See also F-NUMBER. 2: Of a 
multimode fiber, the sine of the half-angle of the cone of rays that will be guided 
by the fiber. Often measured at the output end of a fiber and defined in terms 
of the angle at which the intensity falls to a specified fraction, such as 2.5 96, of 
its maximum value. 3: Of a single-mode fiber, defined similarly to 2, except that 
the half-angle is often measured between the axis and the angle at which the 
intensity has fallen to 1/e? times its value on the axis. 

Nyquist frequency. The sampling frequency or spatial frequency below which a 
faithful reproduction of an electronic signal or of an image cannot be recorded. 
The Nyquist frequency is higher than twice the highest frequency or spatial fre- 
quency in the signal or in the image. Also called the Nyquist rate. 

object beam. In holography, the beam that reflects off, scatters from, or is trans- 
mitted by the object and falls onto the holographic plate. See also REFERENCE 
BEAM. 

object distance. The distance between the secondary PRINCIPAL POINT and the 
object plane. 

object point. A specific point in the image, typically the intersection of the lens 
axis with the object plane. 
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objective. Shortened form of objective lens: The lens in a camera, a microscope, 
or a telescope that projects a REAL IMAGE of the object. Also, a mirror that 
performs the same function. 

obliquity factor. See HUYGENS PRINCIPLE. 

opacity. In photography, the reciprocal of the TRANSMITTANCE. 

opal glass. A diffusing glass made by coating a thin, diffusing film onto a substrate 
of glass. 

optic axis. Of a crystal, an axis of symmetry. 

optical activity. The ability of certain substances to rotate the PLANE OF POLAR- 
IZATION of a beam of light. 

optical density. The negative of the logarithm of the TRANSMITTANCE of an optical 
element such as a filter or an exposed film, and a measure of the opaqueness of 
the element. 

optical fiber. An optical waveguide made by drawing a glass rod that has, usually, 
a cylindrically symmetric INDEX PROFILE into a flexible fiber with a high-index 
CORE and a lower-index CLADDING. 

optical integrated circuit. A set of waveguides and other components fabricated 
onto a single substrate. 

optical isolator. A device, generally based on polarization, that reduces or elimi- 
nates light directly reflected back into an optical system of an optical fiber. 

optical mixing. In nonlinear optics, generating sum and difference frequencies, as 
by PARAMETRIC AMPLIFICATION. 

optical path. 1: The distance between two or more points or along a path, mea- 

` sured in units of the wavelength; hence 2: the product of INDEX OF REFRACTION 
and length, or the integral of the index of refraction over a path, as appropriate. 

optical processing. 1: Operating on an image by Fourier transform optics, as, for 
example, HIGH-PASS FILTERING; also called optical image processing. 2: Operating 
on an image by digital manipulations; also called digital image processing. 

optical processor. An optical system that performs OPTICAL PROCESSING 1 by 
direct manipulation of the image, rather than by digital electronic techniques. 
See also CONVERGING-BEAM OPTICAL PROCESSOR, 4- f OPTICAL PROCESSOR. 

optical pump. See PUMP. 

optical rectification. Creation of a d.c. electric field by NONLINEAR OPTICS. 

optical resonator. In optics, a chamber or cavity with reflecting walls whose orien- 
tations are chosen to permit multiple reflections or multiple passes and therefore 
constructive interference at specific frequencies. A resonator is usually character- 
ized by closed ray paths. See also RING RESONATOR, UNSTABLE RESONATOR. 

optical sectioning. In a SCANNING CONFOCAL MICROSCOPE, imaging a thick object 
plane by plane. 

optical spectrum analyzer. In optical communications, a SPECTROMETER, usu- 
ally a grating spectrometer, that is controlled by a computer and usually includes 
a video display and a digital output. 

optical thickness. The OPTICAL PATH through an element such as a slab or a thin 
film. 

optical time domain reflectometry. Sending a pulse down an optical waveg- 
uide and examining the backscattered radiation profile as a function of time or, 
equivalently, distance. 

optical transfer function. The TRANSFER FUNCTION when the illumination is 
incoherent. See also COHERENT TRANSFER FUNCTION, MODULATION TRANSFER 
FUNCTION. 

optical waveguide. A structure that confines light to a relatively narrow channel 
or a relatively thin slab by TOTAL INTERNAL REFLECTION. 
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optoelectronics. The technology of combining optics and electronics for commu- 
nications, medicine, and sensors, for example. Not to be confused with electro- 
optics, which strictly refers to the KERR EFFECT and the POCKELS EFFECT. 

order of interference. In an interference pattern, the number of wavelengths of 
optical path difference between consecutive beams; for example, in a diffraction 
grating, the number of wavelengths of optical path difference between beams 
diffracted by adjacent rulings. 

ordinary ray. In a birefringent material. a ray or wave whose electric field vector 
is perpendicular to the OPTIC AXIS and which is refracted according to the LAW 
OF REFRACTION. See also BIREFRINGENCE, EXTRAORDINARY RAY. 

output plane. Of an optical processor, the plane of the image. 

parabolic profile. An INDEX PROFILE that is approximately parabolic as a function 
of one or more dimensions. See also POWER-LAW PROFILE. 

parametric amplification. Generating sum and difference frequencies in a non- 
linear medium. If a parametric amplifier is enclosed in a resonator and the gain of 
the resonator exceeds the losses, the device is known as a parametric oscillator. 

paraxial approximation. The approximation that all rays are so nearly parallel to 
the axis that the small-angle approximation may be used. In GEOMETRIC OPTICS, 
imaging is perfect in the paraxial approximation. 

partial coherence. See COHERENCE. 

phase. A specific stage of a wave, such as a peak, a trough, or a zero of the electric 
field. 

phase hologram. A HOLOGRAM whose fringes recorded as variations of phase 
rather than amplitude. See also REFLECTION HOLOGRAM. 

phase-contrast microscope. A microscope that uses a PHASE PLATE to allow 
visualizing transparent objects that differ in index of refraction from their sur- 
rounding. 

phase matching. In NONLINEAR OPTICS, ensuring that bcams of different wave- 
length remain in phase. 

phase microscope. A microscope that allows visualization of objects that are 
transparent but differ in index of refraction from their surrounding. See also 
INTERFERENCE MICROSCOPE. PHASE-CONTRAST MICROSCOPE. 

phase object. An object that is transparent. but differs in index of refraction from 
its surrounding and therefore alters the phase of a beam. 

phase plate. A transparent plate that has a region or regions of controlled thick- 
ness variations to alter the phase of a wavefront. 

phase velocity. The velocity with which a wavefront propagates. See also GROUP 
VELOCITY. 

photocathode. A cathode that is photosensitive and emits electrons upon expo- 
sure to light. 

photoconductive detector. A photodetector whose electrical resistance changes 
upon exposure to light. 

photodiode. 1: A vacuum tube that consists of a PHOTOCATHODE and an anode 
and is used for the detection of light. Also called a vacuum photodiode. 2: A 
solid-state diode that is used for detection of light. 

photoelectric effect. 1: External photoelectric effect: the emission of a photo- 
electron into a vacuum upon exposure to light. 2: Internal photoelectric effect: 
PHOTOCONDUCTIVITY. 

photoelectron. An electron that has been ejected from a surface or excited to the 
conduction band as a result of the PHOTOELECTRIC EFFECT. 

photometry. The measurement of LUMINOUS POWER and its derivatives. See also 
RADIOMETRY. 
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photomultiplier tube. A PHOTODIODE 1 to which has been added a high-gain 
amplifier based on secondary emission of electrons from a series of surfaces called 
DYNODES. 

photon. The quantum of light. 

photon noise. SHOT NOISE. 

photopic vision. Vision in bright light, mediated by the CONEs; daylight or bright- 
adapted vision. 

phototube. PHOTODIODE 1. 

photovoltaic detector. A PHOTODIODE 2 used in photovoltaic mode, that is, with 
no bias voltage applied, so that it generates a current that is proportional to the 
RADIANT POWER incident on the detector. 

piezoelectric crystal. A crystal that expands or contracts in an electric field or 
develops an electric field when stretched or pressed. 

pinhole camera. A camera whose imaging element is a pinhole. 

picture element or pixel. The smallest element of a digitized, two-dimensional 
display, usually a square or rectangular area. 

planar lens. A lens fabricated in a PLANAR WAVEGUIDE. 

planar waveguide. An optical waveguide that is fabricated on a planar substrate, 
as opposed to an optical fiber. See also SLAB WAVEGUIDE, CHANNEL WAVEGUIDE. 

Planck’s constant. The number h = 6.626 x 10 ?* J-s that relates the frequency 
of a photon to its energy. 

plane of incidence. The plane that contains the incident ray and the normal to 
a surface where that incident ray strikes that surface. 

plane of polarization. Of a plane-polarized wave, in classical optics, the plane 
of the magnetic-field vector. In this book, we use the plane of the electric-field 
vector and so identify it. 

plane-polarized light. Polarized light whose electric-field vector vibrates in one 
plane, the PLANE OF POLARIZATION, only. 

plane wave. A wave that has infinite extent in the plane transverse to the direction 
of propagation and whose WAVEFRONTS lie on planes. 

pn or pin photodiode. PHOTODIODE 2, so described because of their structures. 

Pockels effect. The induction of BIREFRINGENCE in a crystal when an electric 
field is applied. A device that uses the Pockels effect for modulation is called a 
Pockels cell. The magnitude An of the induced birefringence to the electric field 
is An = pE, where p is a constant that depends on the material. 

point source. 1: A source that is so small that it cannot be resolved by a given 
optical system under specified conditions. 2: A source that is so small that the 
inverse-square law applies. 

polarized light. Light the components of whose electric-field vector remain in a 
constant relationship to one another over time. See also CIRCULARLY POLARIZED 
LIGHT, ELLIPTICALLY POLARIZED LIGHT, LINEARLY POLARIZED LIGHT, UNPOLAR- 
IZED LIGHT. 

polarizer. A device, such as a GLAN- THOMPSON PRISM, a NICOL PRISM, or a 
POLARIZING FILM, that changes the polarization to a specified state, usually linear. 

polarizing film. A sheet of DICHROIC CRYSTALs that can convert an arbitrary 
polarization to PLANE-POLARIZED LIGHT. 

population. In a laser or an amplifier, the density of atoms, ions, or molecules in 
a given energy level. If the population is divided by the overall density of species, 
it is called a normalized population. 

population inversion. 1: The condition of having more atoms, ions, or molecules 
in an excited energy level than in a lower energy level. 2: The population in an 
excited energy level minus that in a lower energy level. 

positive lens. A lens whose secondary focal length is positive. 
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power. 1: Of a lens, the reciprocal of the focal length. 2: See RADIANT POWER. 3: 
See MAGNIFYING POWER. 

power-law profile. Of a GRADED-INDEX FIBER, the index profile that minimizes 
variations of GROUP DELAY and therefore maximizes the bandwidth of the fiber. 
Specifically, n(r) = no[1 — 2A(r/a)9]’/?, where A is the DELTA PARAMETER, and 
g is the PROFILE PARAMETER. 

preform. The rod from which an optical fiber is drawn. 

presbyopia. In visual optics, the condition that the eye lacks ACCOMMODATION. 
Not to be confused with FAR-SIGHTEDNESS. See also BIFOCAL, TRIFOCAL. 

primary reconstruction. In holography, the correct RECONSTRUCTION of the ob- 
ject, distinguished from the secondary reconstruction. 

principal angle. The ANGLE OF INCIDENCE of a beam onto a metallic reflector such 
that a beam whose electric-field vector is parallel to the PLANE OF INCIDENCE has 
a REFLECTANCE minimum, analogously to BREWSTER'S ANGLE of a dielectric. 

principal maximum. 1: Of the diffraction pattern of a single aperture, the central 
intensity maximum. 2: Of the diffraction pattern of a DIFFRACTION GRATING, any 
of one or more intensity maxima at which the beams diffracted by each facet are 
in phase and add constructively. Specifically, those angles at which the GRATING 
EQUATION is satisfied. 

principal plane. One of two planes that fully describe a lens for paraxial raytrac- 
ing. See also PARAXIAL APPROXIMATION. 

principal points. The intersections of the PRINCIPAL PLANES with the axis and 
the points from which the CONJUGATE DISTANCES are measured. 

principal ray. A ray that passes through the principal points of a lens. 

prism. 1: [n optics, a transparent element, often in the form of a right triangular 
prism, that is used for dispersing or for reflecting beams of light. 2: Two or more 
such prisms cemented together or fixed together with a small air space and used 
for specialized purposes such as polarizing a beam. See GLAN- THOMPSON PRISM, 
NICOL PRISM. 

prism coupler. In INTEGRATED OPTICS, a PRISM that has a higher INDEX OF 
REFRACTION than a PLANAR WAVEGUIDE and is weakly coupled to the waveguide 
along its top surface for coupling light into or out of the waveguide. 

profile parameter. The exponent g in a POWER-LAW PROFILE, approximately 
equal to 2. 

projection lens. A special-purpose lens designed to project an image of a pla- 
nar object such as a photographic transparency onto a planar screen. See also 
PROJECTION SYSTEM. 

projection system or projector. An instrument that projects an image, usually 
at high magnification, of a planar object such as a photographic transparency 
and usually includes a PROJECTION LENS and a CONDENSING LENS. 

propagation constant. Of an optical waveguide, 27 divided by the wavelength of 
the mode in the waveguide. Analogous to WAVENUMBER. 

pump. 1: A device such as a flashlamp, a laser, or an electric current that is used 
to excite a laser material and create a POPULATION INVERSION. 2: The light beam 
that drives a nonlinear process such as OPTICAL MIXING. 

pupil. 1: Of an optical system, an image of the APERTURE STOP. See also ENTRANCE 
PUPIL, EXIT PUPIL. 2: Of the eye, the black circular opening in the center of the 
IRIS, which permits light to pass to the RETINA. 

pupil function. In OPTICAL PROCESSING 1, the amplitude transmittance of a 
PUPIL. 

pyroelectric detector. A radiation detector based on pyroelectricity, that is, the 
generation of electric charge on a crystal or a polymer as the result of a change 
of its temperature. 
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pyrometer. See RADIATION PYROMETER. 

Q-switched laser. A laser that is prevented from oscillating until a large POPU- 
LATION INVERSION has developed; a giant pulse laser. 

quadratic phase factor. In small angle approximation, the phase of a SPHERICAL 
WAVE as measured on a plane that is tangent to a WAVEFRONT. See also SAG OR 
SAGITTA FORMULA. 

quantum detector. A detector that measures the rate of incidence of PHOTONS, 
as opposed to a THERMAL DETECTOR. 

quantum efficiency. Of a detector, the number of PHOTOELECTRONs divided by 
the number of incident PHOTONs. 

quantum noise. SHOT NOISE. 

quarter-wave layer. A thin evaporated film whose optical! thickness is one-quarter 
wavelength and which may be used as a BEAM SPLITTER or as an ANTIREFLECTION 
COATING, depending on its index of refraction. 

quarter-wave plate. A plate made of a birefringent material and which introduces 
a phase difference of one-quarter wavelength between two orthogonal components 
of POLARIZATION. See also HALF-WAVE PLATE, WAVE PLATE. 

quarter-wave stack. A series of QUARTER-WAVE LAYERS, generally alternating 
between high and low indexes of refraction and used as a mirror or a BEAM 
SPLITTER. 

quarter-wave voltage. In a KERR CELL or a POCKELS CELL, the voltage required 
to bring about a phase difference of one-quarter wavelength. 

quartz. A birefringent mineral composed principally of silica, SiO2. Fused quartz 
is a glass made from quartz and distinguished from silica or VITREOUS SILICA. 

quasi-thermal source. A diffuse, spatially incoherent source constructed by mov- 
ing a diffusing surface continuously in a laser beam. See also THERMAL SOURCE. 

radiance. RADIANT POWER per unit area and per unit solid angle emitted or scat- 
tered by a radiating surface. 

radiance theorem. CONSERVATION OF RADIANCE. 

radiant emittance or radiant exitance. RADIANT POWER per unit area emitted 
or, reflected (in all directions) by a surface. 

radiant intensity. RADIANT POWER per unit solid angle radiated by a point source. 

radiant power. Electromagnetic power radiated by a beam of light or by a part 
of a beam; a redundant synonym for power. 

radiation angle. Of a fiber, the inverse sine of the NUMERICAL APERTURE 2, 3. 

radiation mode. Of an optical fiber or waveguide, a mode that is not bound to 
the CORE or high-index region. 

radiation pyrometer. An instrument that estimates the temperature of a GRAY- 
BODY by comparing its LUMINANCE with that of a tungsten filament. 

radiation thermocouple. A detector that consists of an absorber and a thermo- 
couple to measure the rise of the temperature of the absorber. A detector that 
uses several thermocouples in series is called a radiation thermopile. 

radiometry. The measurement of RADIANT POWER and its derivatives. See also 
PHOTOMETRY. 

range without overlap. FREE SPECTRAL RANGE. 

raster. 1: A scanning pattern, usually rectilinear, in which lines are scanned hori- 
zontally, and then subsequent lines are scanned sequentially from top to bottom 
to form a rectangular array of PIXELs. 2: The array of pixels that form the image 
in a video or computer display. 

rate equation. One of the equations that describe the buildup of power in a laser, 
usually independently of the mode structure in that laser. 

ray. An infinitesimally narrow beam, or pencil, of light, which propagates according 
to the laws of GEOMETRIC OPTICS and assumes that the wavelength is 0. 
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Rayleigh criterion. 1: The statement that two image points of equal intensity 
are just resolved by a diffraction-limited system if the principal maximum of the 
diffraction pattern of one point is centered about the first zero of the other. 2: 
Equivalently, that the RESOLUTION LIMIT of a DIFFRACTION-LIMITED lens is 1.22A 
times the F-NUMBER of the lens, or 0.61A divided by the NUMERICAL APERTURE. 

Rayleigh limit. RESOLUTION LiMIT due to RAYLEIGH CRITERION. 

Rayleigh scattering. Scattering by small discontinuities of the index of refraction. 
Rayleigh scattering as a function of wavelength is proportional to the fourth power 
of the wavelength. 

real image. An image that is formed where rays actually intersect (or would 
intersect if not blocked); an image that can be projected onto a screen. See also 
VIRTUAL IMAGE. 

real object. 1: A physical object. 2: The REAL IMAGE of one lens, used as a real 
object for another. 

reciprocity law. The “law” that the density of a photographic film is directly 
related to the EXPOSURE, that is, the product of ILLUMINANCE or IRRADIANCE 
and time. Reciprocity failure occurs at very short and very long EXPOSURE TIMEs, 
when the reciprocity law does not hold. 

reconstruction. In holography, the representation of the object that is constructed 
by diffraction from the hologram. Distinguished from an image, which is usually 
distorted axially. 

reference beam. In holography, the beam that impinges on the holographic plate 
and interferes with the OBJECT BEAM in order to provide phase information. 

reflectance. The ratio of the RADIANT POWER reflected by a surface to that in- 
cident. on the surface. Reflectance may be either diffuse or specular. Sometimes 
incorrectly called reflection. See also DIFFUSE REFLECTION, SPECULAR REFLEC- 
TION, TRANSMITTANCE. 

reflecting telescope. A telescope whose OBJECTIVE is a mirror. 

reflection hologram. A HOLOGRAM, usually a PHASE HOLOGRAM, that is recorded 
with the object and reference waves incident on the recording medium from op- 
posite sides, so that the interference fringes are approximately parallel to the 
surface of the recording medium. 

refracted-ray method. A method of measuring the INDEX PROFILE of an optical 
fiber by measuring the power of rays that are not guided but rather are trans- 
mitted through the CORE-CLADDING interface. Also called refracted near- field 
scanning. 

refraction. The turning or bending of a beam or ray when it passes from one 
medium into another medium that has a different INDEX OF REFRACTION. 

refractive index. INDEX OF REFRACTION. 

relative aperture. F-NUMBER. 

relative intensity noise. Of a source, NOISE in excess of SHOT NOISE and resulting 
from beating among various wavelengths within the spectrum of the source. Note 
that some authors use relative intensity noise to include shot noise. Also called 
RIN. 

resolution limit. The center-to-center distance between the images of two points, 
usually of equal intensity, that can barely be resolved. See also INSTRUMENTAL 
LINE WIDTH, RAYLEIGH CRITERION, RESOLVING POWER. 

resolution target. A target that usually consists of LINES 2 and which is used to 
measure the RESOLVING POWER of a lens or a film. 

resolving power. The reciprocal of the RESOLUTION LIMIT, usually expressed in 
lines per millimeter. See also CHROMATIC RESOLVING POWER. 
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response time. The time required for the output of a detector to reach 1/e times 
its final value in response to a step function input; the time constant of the 
detector. . 

responsivity. The output of a detector divided by the input RADIANT POWER, 
typically measured in amperes per watt or volts per watt. 

restricted launch conditions. In optical communications, coupling light into 
the CORE of a multimode fiber in such a way that only a specified fraction of the 
modes is excited. See also BEAM-OPTICS LAUNCH. 

retina. The light-sensitive layer consisting of RODs and CONEs that lines the inside 
of the eye and is connected to the brain by the optic nerve. 

retroreflector. See CUBE CORNER. 

reverse telephoto lens. A positive, multielement lens whose first element is neg- 
ative and which displays a relatively long WORKING DISTANCE. 

ring resonator. A RESONATOR in the form of a ring and in which the ray paths 
are typically polygonal. 

ridge waveguide. A PLANAR WAVEGUIDE made by depositing a strip of material 
on a substrate or on top of a SLAB WAVEGUIDE. May be covered by a superstrate. 

rod. In visual optics, one of the receptors that are scattered over the retina, are 
absent or nearly absent from the FOVEA, operate in dim light, and cannot distin- 
guish colors. See also CONE. 

Rowland circle. In spectroscopy, the circle that is tangent to a concave DIFFRAC- 
TION GRATING and has one-half its radius of curvature, and on which are located 
the entrance slit and the exit slit or a photographic plate or other detector. 

safe light. In photography, a light that is filtered so that it will not render certain 
films or papers developable. 

sag or sagitta formula. A parabolic approximation to a sphere or a circle: the 
distance between a circle and a tangent to the circle along a chord whose length 
is r is r?/2R, where R is the radius of the circle. 

sampling theorem. The statement that the sampling rate must exceed the 
NYQUIST FREQUENCY. 

saturable dye. A dye that, when exposed to a very high irradiance, temporarily 
loses its ability to absorb light. 

SAW wave. SURFACE ACOUSTIC WAVE. 

scanning confocal microscope. A microscope in which the specimen is illumi- 
nated point by point, sometimes through the OBJECTIVE, and scanned point by 
point, either mechanically in a RASTER or with a NIPKOW DISK. 

scattering. Redirecting a light beam into all directions as a result of a physical 
interaction with a rough surface or with a volume that contains discontinuities 
such as random variations of INDEX OF REFRACTION. 

scotopic vision. Vision in dim light, mediated by the RODs; night or dark-adapted 
vision. 

secondary electron. See DYNODE. 

secondary maximum. Of a diffraction pattern, a maximum of INTENSITY, usually 
weak, that is not a PRINCIPAL MAXIMUM. 

secondary reconstruction. Of a hologram, a usually unwanted reconstruction 
that is characterized by inverted perspective. 

semiconductor laser. See DIODE LASER. 

sensitivity. See RESPONSIVITY. 

sensitizing dye. In photography, a dye that coats the photographic GRAINS and 
renders then sensitive to wavelengths besides those to which the grain itself is 
sensitive. 

sensitometry. The measurement of the D vs LOG @ CURVE of photographic film. 
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serpentine bend. In optical communications, directing a length of fiber in a ser- 
pentine path, for example, to simulate an EQUILIBRIUM MODE DISTRIBUTION or 
as a MODE FILTER. See also MANDREL WRAP. 

70-70 excitation condition. See BEAM OPTICS LAUNCH. 

shift invariant. Of an image, having the same IMPULSE RESPONSE at all points. 

shot noise. Of an optical detector, NOISE that results because the incident beam 
is composed of photons. Also called PHOTON NOISE or QUANTUM NOISE. 

shutter speed. In photography, EXPOSURE time. 

silica. Silicon dioxide, or SiO2. See GLASS, QUARTZ, VITREOUS SILICA. 

single-mode waveguide. An optical waveguide that is so small or whose PROFILE 
PARAMETER is so small that it can support only a single radiation mode, the 
lowest-order bound mode. 

skew ray. A ray that is not parallel to the axis and does not intersect it. In optical 
communications, distinguished from a MERIDIONAL RAY. 

skin depth. Of a beam reflected from a metal surface, the depth at which the 
intensity falls to 1/e times the intensity at the surface. See also EVANESCENT 
WAVE. 

slab waveguide. A PLANAR WAVEGUIDE in or on a planar substrate, but not 
confined to a narrow strip and distinguished from a CHANNEL WAVEGUIDE. 

Snell’s law. The LAW OF REFRACTION. 

solar cell. A photovoltaic detector, typically of silicon, selenium, or gallium ar- 
senide, with a relatively large area and designed to provide electrical power. 

solid-state laser. A laser whose active medium is a GLASS or a crystal, usually 
distinguished from a DIODE LASER. 

sombrero function. The function 2/;(r)/r, where J; is the Bessel function of 
order 1. Also called a jinc function. 

spatial coherence. The condition of a beam that allows interference by DIVISION 
OF WAVEFRONT. 

spatial filter. 1: A mask that is, typically, placed in the TRANSFORM PLANE of an 
OPTICAL PROCESSOR and blocks specified spatial frequencies. 2: A pinhole placed 
at or near the focal point of a lens and used to eliminate from a laser beam 
artifacts such as light scattered from dust particles. 

spatial frequency. The reciprocal of the period of a grating, which may be a 
physical grating or the Fourier component of a more complicated radiance distri- 
bution. 

spatial light modulator. A transmitting or reflecting device that contains a 
screen, broken into PIXELs, whose TRANSMITTANCE or REFLECTANCE can be varied 
electronically, pixel by pixel. 

specific detectivity. See D*. 

speckle. The quasi-random interference pattern caused by the scattering of coher- 
ent light by a diffuse reflector. Speckle that is formed on the retina and moves 
when the eye moves is called subjective speckle. Speckle that can be projected 
onto a screen is called objective speckle. 

spectral mode. AXIAL MODE. 

spectral responsivity. RESPONSIVITY as a function of wavelength. 

spectral sensitivity of the eye. See LUMINOUS EFFICIENCY. 

spectrometer. A SPECTROSCOPE capable of measuring wavelength and, some- 
times, INDEX OF REFRACTION. See also MONOCHROMATOR. 

spectroscope. A device that disperses light into its spectrum. See also MONOCHRO- 
MATOR, SPECTROMETER. 

spectrum. In optics, the distribution of RADIANT POWER or energy emitted by a 
source, or reflected or transmitted by a material, as a function of wavelength, 
frequency, or wavenumber. See also ANGULAR SPECTRUM, LINE SPECTRUM. 
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spectrum analyzer. See OPTICAL SPECTRUM ANALYZER. 

specular reflection. The reflection produced by a mirror or other smooth surface. 
See also DIFFUSE REFLECTION. 

speed of light. The universal constant c = 3.00 x 105 m-s^! ; now a defined quantity. 

spherical wave. A wave that converges toward or diverges from a point, or appears 
to do so. 

spiking. A series of sharp rises followed by sharp declines of the RADIANT POWER 
from certain lasers. May be a periodic or a random function of time. 

splice. In optical communications, a COUPLER 1 that is made by butting two op- 
tical fibers together and fusing, gluing, or otherwise holding them together; dis- 
tinguished from a CONNECTOR. 

spot size. Of a Gaussian beam, BEAM RADIUS. 

spurious resolution. The appearance in an image of spatial frequencies or details 
that are not present in the object, often due to defocusing or ABERRATIONs. See 
also ALIASING. 

square-law detector. A detector that responds linearly to RADIANT POWER, that 
is, to the square of the incident electric field. 

stability diagram. Of an OPTICAL RESONATOR, a two-dimensional plot that shows 
the regions of stability and instability. 

stability parameters. Of an OPTICAL RESONATOR composed of two mirrors sep- 
arated by the distance d, the parameters 1 — d/ R1,2, where R; ? are the radii of 
curvature of the mirrors. 

star coupler. In optical communications, a coupler, usually between multimode 
fibers, which connects one fiber to many. 

Stefan-Boltzmann constant. The constant o = 5.67 x 10^? W.cmn^?.K^' that 
relates the temperature of a BLACKBODY to its radiant EMITTANCE. 

step-index fiber. An OPTICAL FIBER the index of refraction of whose CORE is a 
constant, that is, whose INDEX PROFILE is a step function. 

stop. See APERTURE STOP, F-STOP, FIELD STOP. 

strip waveguide. CHANNEL WAVEGUIDE. 

substrate mode. A radiation mode that propagates in the SUBSTRATE of a PLANAR 
WAVEGUIDE, rather than being confined to the high-index region. 

superpolish. An especially fine polish applied, for example, to laser mirrors to 
reduce the loss of light by SCATTERING. 

surface acoustic wave. An acoustic wave that propagates along the surface of a 
substrate and may be used to modulate a beam in a PLANAR WAVEGUIDE. Also 
SAW wave. 

surface-emitting laser. A DIODE LASER that is designed to emit through the 
surface of the crystal, as opposed to an EDGE-EMITTING LASER. 

synch or synchronization. In video cameras, any of several pulses that synchro- 
nize, for example, the scanning of the horizontal lines with the beginning of each 
FIELD. 

ta vs & curve. In holography, the graph of AMPLITUDE TRANSMITTANCE as a 
function of EXPOSURE. See also D vs LOG & CURVE. 

TEA laser. Transversely Excited Atmospheric pressure laser. 

telephoto lens. A positive, multielement lens whose last element is negative and 
which displays a relatively long focal length. 

telescope. An instrument that consists of lenses or mirrors or both, and is used to 
magnify distant objects. Specifically, an instrument that uses one lens or mirror, 
the OBJECTIVE, to project a magnified image of a distant object and a second 
lens, the EYEPIECE, to examine that image. An astronomical telescope may project 
the image directly onto a film or a video camera and omit the eyepiece. See 
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also ERECTING TELESCOPE, GALILEAN TELESCOPE, MICROSCOPE, NEWTONIAN 
TELESCOPE, REFLECTING TELESCOPE. 

temporal coherence. The condition of a beam that allows interference by DIVI- 
SION OF AMPLITUDE. 

terrestrial telescope. ERECTING TELESCOPE. 

theoretical resolution limit. RAYLEIGH LIMIT. 

thermal detector. A detector that measures an increase in temperature owing to 
incident radiation, as opposed to a QUANTUM DETECTOR. 

thermal noise. Of a detector, noise that results from random motions of electrons, 
typically in a load resistor. Also called Johnson noise. 

thermal source. A source that emits light owing to its temperature. Distinguished 
from a laser source. See also QUASI-THERMAL SOURCE. 

thermistor. A BOLOMETER whose active element is a semiconductor. 

thick hologram. A HOLOGRAM whose thickness influences its diffraction efficiency 
and directionality. See also REFLECTION HOLOGRAM. 

thin hologram. A HOLOGRAM whose thickness does not influence its diffraction 
efficiency and directionality. 

thick lens. A lens that consists of one or more elements and cannot be considered 
a THIN LENS. 

thin lens. A lens that consists of one or more elements and whose overall thickness 
is very much smaller than one or both of its focal lengths or CONJUGATE DIS- 
TANCEs; a lens that may be considered infinitesimally thin. Distinguished from a 
THICK LENS. 

threshold population inversion. Of a laser, the POPULATION INVERSION at which 
the gain exceeds the losses and OSCILLATION begins. 

time constant. RESPONSE TIME. 

total internal reflection. Reflection that occurs when a beam of light impinges 
from a high-index medium onto the interface between two dielectric media at a 
high ANGLE OF INCIDENCE, so that the REFLECTANCE is, in principle, equal to 1. 
See also CRITICAL ANGLE, EVANESCENT WAVE, GOOS-HANCHEN SHIFT. 

transfer function. In OPTICAL PROCESSING 1, a function of spatial frequency 
that describes the action of an element such as a lens on an image. The Fourier 
transform of the IMPULSE RESPONSE. The transfer function exists only with truly 
coherent light or incoherent light. See also COHERENCE, COHERENT TRANSFER 
FUNCTION, OPTICAL TRANSFER FUNCTION. 

transform plane. In OPTICAL PROCESSING 1, the plane in which the Fourier trans- 
form is displayed; usually the plane in which an image of the source appears. 

transition. In quantum mechanics, a sudden passage from one energy level to 
another. See also FORBIDDEN TRANSITION. 

transmittance. The ratio of the RADIANT POWER transmitted by a surface to that 
incident on the surface. Transmittance may be either diffuse or specular. Some- 
times incorrectly called transmission. See also AMPLITUDE REFLECTANCE AND 
TRANSMITTANCE, DIFFUSE REFLECTION, REFLECTANCE, SPECULAR REFLECTION. 

transverse mode. Of a laser or an optical waveguide, a mode that corresponds to 
one of a discrete number of resonances transverse to the direction of propagation. 

transverse scattering. In optical communications, a means of calculating the IN- 
DEX PROFILE of an optical fiber from the DIFFRACTION PATTERN that results when 
the fiber is illuminated transversely to its axis. Similar to transverse backscatter- 
ing, which uses the reflected diffraction pattern. 

transverse wave. A wave in which the disturbance is transverse to the direction 
of propagation. Distinguished from a longitudinal wave, in which the disturbance 
is parallel to the direction of propagation. 
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trifocals. In visual optics, spectacles that have lenses with three different powers, 
one for distance vision, one for intermediate vision, and one for near vision, and 
used to correct for PRESBYOPIA. See also BIFOCALS. 

triplet level. A long-lived ENERGY LEVEL that saps power from a dye laser. 

triplicity of light. Characterizing light as rays, waves, or photons, as convenient. 
See also DUALITY OF LIGHT. 

tube length. 1: Of a microscope, the distance between the secondary focal point 
of the OBJECTIVE and the image plane. 2: Sometimes, the distance between the 
shoulder of the objective and the image plane, herein called the mechanical tube 
length. 

tumbling-E chart. A RESOLUTION TARGET used in optometry for patients who 
are illiterate and which consists of the symbol E in several orientations. 

tungsten lamp. A LAMP whose active element is an electrically heated wire or 
ribbon of tungsten enclosed in a glass bulb that is either evacuated or filled with 
inert gas. 

tunneling ray. LEAKY RAY. 

Twyman-Green interferometer. An INTERFEROMETER, similar to a MICHEL- 
SON INTERFEROMETER, that is used for testing optical elements such as lenses 
and mirrors. 

ultramicroscope. A MICROSCOPE that uses oblique illumination to achieve DARK- 
FIELD ILLUMINATION. 

ultrasonic light modulator. A device that uses diffraction by an ultrasonic wave 
to remove power from a beam and thereby modulate the power in that beam. 
Also called an acousto-optic light modulator. 

ultraviolet. LIGHT whose wavelength is less than 400 nm. See also INFRARED. 

unpolarized light. Light the components of whose electric-field vector do not re- 
main in a constant relationship to one another over a time that is short compared 
to the response time of the measurement system. Note that unpolarized light must 
necessarily be nonmonochromatic. See also CIRCULARLY POLARIZED LIGHT, EL- 
LIPTICALLY POLARIZED LIGHT, LINEARLY POLARIZED LIGHT, POLARIZED LIGHT. 

unstable resonator. Not a true RESONATOR but rather a device in which the light 
undergoes only a few reflections and in which wavelength is therefore not strongly 
selected. 

useful magnifying power. Of a microscope or a telescope, that value of the 
MAGNIFYING POWER at which the RESOLUTION LIMIT of the eye or other detector 
equals that of the instrument; hence, the greatest useful value of the magnifying 
power. See also EMPTY MAGNIFYING POWER. 

V-number. Of an optical fiber, the number V = (21a/A)NA, where a is the radius 
of the CORE; V is of the order of the number of modes in the fiber. Setting V « 2.4 
ensures single-mode operation of a STEP-INDEX FIBER. Also called NORMALIZED 
FREQUENCY. 

vacuum photodiode. PHOTODIODE 1. 

VCSEL. Vertical cavity SURFACE-EMITTING LASER. Pronounced vixel. 

veiling glare. In photography, stray light that reduces the contrast of the image. 

velocity of light. SPEED OF LiGHT. See also GROUP VELOCITY, PHASE VELOCITY. 

Verdet constant. See FARADAY EFFECT. 

video microscope. A microscope that projects an image onto the sensing element 
of a video camera, usually a CHARGE-COUPLED DEVICE. 

vignetting. Shading off to black owing to blockage of rays, as due to a STOP that 
is not located in a PUPIL. 

virtual image. An image that is formed by rays that do not intersect but rather 
appear to intersect when extrapolated backward; an image that cannot be pro- 
jected onto a screen. See also REAL IMAGE. 
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virtual object. A real image that is intercepted by a lens or mirror before the 
rays actually intersect and which serves as the object for that lens or mirror. See 
also REAL OBJECT. 

visibility. See FRINGE VISIBILITY. 

visible spectrum. The range of wavelengths that can be perceived by the human 
eye, generally taken to be 400 to 700 nm, though the eye can weakly perceive both 
longer and shorter wavelengths. LIGHT whose wavelength is less than 400 nm is 
called ultraviolet light, and light whose wavelength is greater than 700 nm is called 
infrared light. 

vitreous silica. Silicon dioxide, usually manufactured synthetically by chemical 
vapor deposition, and distinguished from QUARTZ or fused quartz. 

waist. See BEAM WAIST, DEPTH OF FOCUS, EXIT PUPIL. 

wave. In optics, a periodic disturbance of the electromagnetic field. 

wave ellipsoid. In a birefringent material, the WAVEFRONT of the EXTRAORDINARY 
RAY. See also BIREFRINGENCE. 

wavefront. Of a wave, a surface of constant PHASE, such as a crest, a trough, or a 
zero. 

wavenumber, 27 divided by the wavelength. Note that, in spectroscopy, wavenum- 
ber is defined as 1 divided by the wavelength. 

wave packet. A wave of finite length (or duration); the length is approximately 
equal to the COHERENCE LENGTH 1 of the beam. 

wave plate. A plate made of a birefringent material and which introduces a phase 
difference between two orthogonal components of POLARIZATION. See also HALF- 
WAVE PLATE, QUARTER-WAVE PLATE. 

wave vector. The WAVENUMBER times a unit vector in the direction of propagation. 

white light hologram. A REFLECTION HOLOGRAM that can be reconstructed with 
white light. 

white noise. NoisE that is independent of electrical frequency. 

Wien’s displacement law. The statement that the wavelength of peak emission 
of a BLACKBODY is related to its temperature by the formula Ag, T' = 2898 um-K. 

window. 1: A wavelength range over which a material is transparent. Specifically, 
in optical communications, 2: first, second, and third windows: windows in the 
neighborhood of 850, 1310, and 1550 nm at which optical fibers have loss minima. 

working distance. The distance between the last surface of a lens or its housing 
and the image plane, or the distance between the first surface of a lens or its 
housing and the object plane. Sometimes called back focal length. 

Zernike’s phase-contrast microscope. PHASE-CONTRAST MICROSCOPE, 

zero-order diffraction. Undiffracted light, such as the light that passes undevi- 
ated through a diffraction grating. 

zone plate. 1: FRESNEL ZONE PLATE. 2: Phase zone plate: an imaging device similar 
to a Fresnel zone plate, except that the zones differ in phase rather than TRANS- 
MITTANCE and are typically a sinusoidal function of radius. See also DIFFRACTION 
LENS. 
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Abbe theory of microscopy 1, 7.2.1, 
7.4.4 

Aberration 1, 2.2.2, 2.2.12, 2.2.13, 
Problem 2.10, 3.5, 5.5.6, 7.1.2, 7.3.7 

- , chromatic 2.2.12, 7.4.1, 7.4.3, 
12.2.1 

- ,Spherical Problem 2.10, 2.2.13, 
3.5 

- , wavefront 5.5.6 

Aberration-limited lenses 3.8.1 

Absorber 8.1.1 

Absorptance 4.2.1 

Absorption 2.1.2, 8, 8.2.1 

Absorption coefficient — 8.1.1 

Acceptor level 4.3.1 

Accommodation 3.1 

Achromatic eyepiece 2.2.4 

Acousto-optic beam deflection 9.4.4 

Acousto-optic light modulator 9.4.4 

Acousto-optics 9.4.4 

Active device 12,1 

Adaptation 3.1 

Aerial image, luminance of 4.1.8 


Airy disk 3.8, 5.7.1, 5.7.3, 7.1.1, 7.2.5. 


7.3.1, 8.3.3 
Aliasing 7.4.4 
Aluminum 9.1.7 
Aluminum oxide 8.4.1 
Amplification of light 8.1, 8.1.1 
Amplitude 5.1 
Amplitude hologram see Hologram 
Amplitude transmittance see 
Transmittance 
Analyzer see Polarizer 
Angle of incidence 2.1.1 
see also Reflection, Refraction 


Angle of refraction see Refraction 
Angular frequency 5.1 
Angular spectrum 7.3.7 
Anisotropic crystal see Birefringence 
Antihalation dye 3.2.1 
Antireflection coating 6.4.1 
Aperture, filling the 3.3 
Aperture stop 3.2, 3.7.1, 3.7.3 
, of camera 3.2 
Aphakia Problem 3.2 
Aplanatic system 7.3.1 
Apodization 7.3.3, Problem 7.8 
Arclamp 4.2.1 
Arrayed waveguide grating, 
Problem 12.7 
Astigmatism — 2.2.12, 3.1 
Atmosphere 4.2.1 
Attenuation (in optical fibers) 11.1, 
11.2 
- , measurement of 11.2.1 
Avalanche photodiode 4.3.1 
Aversion response 8.5 
Axial mode see Mode 


Babinet’s principle 5.5.5 

Back focal length — 2.2.7 

Backscatter 11.4 

Balance ratio 7.1.3 

Band, energy 4.2.3, 4.2.4, 4.3.1, 8.2, 
8.4.3 

Band gap 4.2.3, 4.3.1 

Bandwidth, electrical 

- ,of detector 4.3.3 

- , of fiber 10.1, 11.1, 11.3.2, 11.3.4, 
11.3.5 

-- , measurement of 11.3.4 
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- , of integrated-optical device 12.1, 
12.1.6 
Barlow lens Problem 2.5 
BaSO, (diffuser) 4.1.5 
Beam divergence 5.5.4, 8.4.8 
see also Diffraction, Divergence 
- of Gaussian beam 8.3.3 
Beam-optics launch 11.1.1, 11.2.1 
Beam radius 8.3.2 
Beam splitter 6.4.1 
Beam waist 8.3.3 
Bel 11.2.1 
Bend in waveguide 
Bending loss 10.3.5 
Benzene 9.4.5 
Beryllia, beryllium 8.4.6, 8.5 
Bessel function 7.3.1, 10.2.6 
Bifocal 3.1 
Binoculars 3.7.1, 3.7.3 
Birefringence 9.2.1 
~ , field-induced 9.4.1 
Blackbody 4.2, 4.2.1, 4.2.2, 4.2.3, 9.2 
- , emissivity of 4.2.1 
- , radiant emittance of 4.2.1, 4.2.3 
, spectra of 4.2.1 
Blackbody radiator see Blackbody 
Blazing 6.1.1, 12.2.4 
Bleaching of hologram 7.1.3 
Bohr picture of atom 4.2.3 
Bolometer 4.3.2 
Boltzmann’s constant 
Borescope 3.7.3 
Boresight 3.7.3 
Bound ray 10.3.3 
Bragg condition 7.1.4, 9.4.4, 12.1.4, 
12.1.5 
Bragg diffraction 9.4.4 
Bragg reflection 7.1.4, 12.1, 12.1.5, 
12.2.4 
Brewster window 8.4.4, 9.1.2 
Brewster's angle 
9.1.3 
Brewster's law 9.1.3 
Bright-adapted eye 3.1, 4.1.2, 8.5 
Brightness 1 see also Luminance 
Brightness temperature 4.2.2 
Buckshot 8.1.1 


10.3.5 


4.3.3 


Cadmium sulfide 4.3.1, 4.3.3 
Calcite 9.2.1, 9.2.3 

Camera 1, 3.2, 3.8.1, 4.1.7 
- lens 2.2.12 

- ,pinhole 5.5.4 


1, 8.4.1, 8.4.4, 9.1.2, 


— , theoretical resolu- 
tion limit of 3.8.1 
see also Video camera 
Candela 4.1.2 
Carbon arc 42.1 
Carbon-dioxide laser see Laser 
Cardinal point 2.2.7 see also Principal 
point, Focal point 
Cataract Problem 3.2, 8.5 
Cavity 8, 8.1, 8.3.1—4 see algo 
Optical Resonators 
- , concentric 8.3.4 
- , confocal 8.3.2, 8.3.4 
- , hemispherical 8.3.4, 8.4.4 


—- , plane-parallel 8.3.1, 8.3.4 
Cavity lifetime 8.2.3 

Cement 9.2.3 

Center of perspective Problem 3.6 
Change of sign 2.2.3 

Channel waveguide 1, 12.1.1 


see also Optical waveguide 
Character recognition 7.2.6 
Characteristic curve 3.2.2 see also D 
vs log & curve 
Charge-coupled device 7.4.1, 7.4.4, 
7.4.5 see also Video camera 
Chemical-vapor deposition 12.2.5 
Chromatic aberration 2.2.12, 7.4.1, 
7.4.3, 12.2.1 see also Aberration 
Chromatic dispersion see Dispersion 
Chromatic resolving power 
- of diffraction grating 6.1.2 
- of Fabry-Perot interferometer 
6.3.1 
Chromium oxide 8.4.1 
Circle of confusion 3.2.4 


Cladding (of waveguide) 10.1 
Cladding mode 11.1.3 
Cladding-mode stripper 11.1.3, 11.3.4 


Classes of lasers 8.5 

Close-up photography 3.2.4 

Coherence 1, 3.8.4, 5.3.1, 5.6, 6.2, 
1.9.1, 7.3.2, 8.3.5 

- ,degree of 6.2 

- of laser sources 8.3.5 

~ of microscope illumination 5.6.4 

- of multimode laser 8.3.5 

- , partial 3.8.4, 5.6, 7.4.5 

- of single-mode laser 5.6.3, 8.3.5 

- ,Spatial 5.6.2 

- , temporal 5.6.1 

- ofthermal sources 5.6.3, 6.2 

Coherence area 5.6.2, 5.6.4, 8.3.5 


Coherence length — 5.6.1, 6.2, 8.3.5 
- in optical communications 11.3.5 
— for second-harmonic generation 
9.3.1 
Coherence time 5.6.1 
Coherent background 7.1 
Coherent light 5.6, 7.3.1, 7.3.3 
- , resolution in 5.7.2, 5.7.3 
Coherent transfer function 7.3.6, 
7.3.7 
Color slide 3.2.1 
Color temperature 
Color vision 3.1 
Coma 2.2.12 
Comparator 3.4 
Complementary screen 5.5.5 
Complete set 10.2, 10.4.2 
Complex conjugate 5.1.2 
Complex-exponential function 5.1.2 
Compound microscope see Microscope 
Computer 7.4.1, 9.2.6 
Computer processing 7.4.2 
Concave 2.2.5 
Condenser, microscope 3.8.4 
see also Condensing lens 
Condenser enlarger 3.3 
Condensing lens 3.3, 5.6.4 
- and coherence 5.6.4 
- , numerical aperture of 5.6.4 
Conduction electron 4.2.4 
Cones 3.1 
Confocal Fabry-Perot interferometer 
6.3.3 see also Interferometer 
Confocal microscope see Scanning 
confocal microscope 
Conjugate points 2.2.2 
Conjugates 2.2.2 


4.2.2 


Connector (optical fiber) 1, 10.4 
~ , multimode 10.4.1 

- , Single-mode 10.4.2 
Conservation of radiance 4.1.8 


Constant deviation Problem 2.1 

Constructive interference see Interfer- 
ence 

Continuum 4.2.3 

Contrast 3.2.2, 7.4.1 

Contrast enhancement 

Contrast index 3.2.2 

Converging-beam optical processor 
7.2.7 

Convex surface 2.2.5 

Convolution 7.2.6, 7.3.1, 7.3.2, 7.4.1, 
7.4.3, 7.4.5 


7.2.4 
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- kernel 7.4.3 

- theorem 7.4.3 

Core (of waveguide) 10.1 

Core diameter, measurement of 
11.5.5 

Cornea 3.1, 8.5 

Corner cube see Cube corner 

Cos? fringes 5.2, 5.3.1, 5.6.1, 5.6.2, 
6.2 

Cosine-fourth law 4.1.7 

Coupler 10.2.2, 12.1.5 

- , butt 12.1.5 

— , directional 

- ,end 12.1.5 
.grating 10.2.3 
, prism 10.2.2 

~ ,star 10.4.3 
, tapered output 
see also Connector 

Coupling efficiency 10.2.2 

Coupling length 10.2.2 

Coupling loss 10.4, 11.2.1 see also 
Coupler 

Cover slip 3.5 

Critical angle 2.1.4, 9.1.5, 10.1 

Critical illumination 3.4.8 

Cross-correlation 7.2.6, 7.4.3, 7.4.5 

Crystalline lens 3.1 

Cube corner 2.1.5 

Cutback method 11.2.1 

Cutoff (of lens) 7.3.7 

Cutoff (of optical waveguide) 

Cutoff frequency 4.3.3, 7.3.7 


6.2.2, 12.1.5 


12.1.5 


10.2.6 


D' 4.3.3 
of various detectors (graph) 4.3.3 
D vs log & curve 3.3.2 
Damage (to eye) 8.5 
Dark-adapted eye 3.1, 8.5 
Dark current 4.3.3 
Dark-field illumination Problem 7.5 
Dark-ground illumination Problem 
7.5 
Dark noise 4.3.3 
Dark resistance 4.3.1 


dcterm 7.2.2 
Deblurring 7.3.4 
Decibel 11.2.1 


Dee star see D” 

Defocusing 3.2.4. 7.3.5 
Degree of coherence 6.2, 8.3.5 
Delta parameter 10.3.1 
Density, see Optical density 
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Depletion layer 4.3.1 

Depth of field 3.2.4 

Depth of focus 3.2.4, Problem 5.12 

— of Gaussian beam Problem 8.3 

Destructive interference see Interference 

Detectivity see D" 

Detector 4.3 

— , bolometer 

-,CCD 7.4.1 
, cutoff frequency 4.3.3 

-,D' 433 

- , noise equivalent power 

- ,noise in 4.3.3 

- , photoconductive 4.3.1 

- ,photodiode 4.3.1 

— ,phototube 4.3.1 

~ , photovoltaic 4.3.1 

— , pyroelectric 4.3.2 

- ,quantum 4.3, 4.3.1 

- , quantum efficiency of 4.3.3 

— , radiation thermocouple 4.3.2 

- , radiation thermopile 4.3.2 

- , response time of 4.3.3 

- , responsivity of 4.3.3 

- , room temperature, D* of (graph) 
4.3.3 

- ,Spectral sensitivity of 4.3.3 

- , square law 5.1.1 

- ,thermal 4.3, 4.3.2 

- ,thermistor 4.3.2 

Developer 3.2.1, 3.2.2 

Deviation Problem 2.1 

- ,constant Problem 2.1 

DFB laser see Laser, distributed- 
feedback 

Diamond turning 12.2.3 

Diaphragm 3.7.3 

Dichroic crystal 9.2.4 

Differentiated image 7.4.3 

Diffraction 1, 3.8, 4.1.7, 5, 5.3.1, 5.5, 
5.5.2, 5.5.4, 7.2.1 

- , Babinet’s principle in 5.5.5 

— by circular aperture 5.5.1 

— ,far-field 5.5, 5.5.4 


4.3.2 


4.3.3 


- , Fraunhofer 5.5, 5.5.1, 5.5.4, 5.5.5, 
9.7.1 
- , Fresnel 5.5.3, 5.5.4 


- of Gaussian beam 8.3.3 

- ,near-field 5.5.4 

- and resolution limit 3.1, 3.8 

~ ,Single-slit 5.5.1, 6.1.1 

- by straight edge 5.5.3 

~ , zero-order 5.5.2, 6.1.1, 7.2.2, 7.2.5 


Diffraction efficiency see Hologram 


Diffraction grating 1, 5.5.2, 5.7.3, 6.1, 
TLI- BY 

- and Abbe theory 7.2.1 

- , blazed 6.1.1 


— , chromatic resolving power of 6.1.2 
- ,concave 6.1 
- ,holographic 6.1.1 
- in holography 7.1.1 
— , phase 7.1.2 
- ,plane 6.1 
— ,reflection 6.1 
- , sinusoidal 7.1.1 
- in waveguide 10.2.3, 12.2.4 
Diffraction lens 12.2.4 
Diffraction-limited 3.8, 5.7.1, 5.7.5, 
7.2.7, 7.3.1, 7.3.2, 7.3.3, 8.5 
Diffraction order see Order 
Diffraction pattern see Diffraction 
Diffuse reflector 4.1.5 
Diffuser 4.1.5, 5.7.3 
- , moving 5.7.4 
- ,nonrandom 5.7.3 
Digital filter 7.4.3 
Digital image processing 1, 3.6, 7.4 
Dimensional measurement 7.4.5 
Diode see Photodiode 
Diopter 3.1 
Dipole 9.1, 9.2 
- moment per unit volume 9.1.1, 9.3 
Direct positive 3.2.1 
Directional coupler 6.2.2, 
12.1, 12.1.3, 12.1.5 
see also Coupler 
Dispersion 1, 2.1.2, 11.3 
- ,material 11.3.2 
, waveguide 11.3.3 
see also Distortion 
Dispersive medium, group index of 
5.2.2 
Display 9.2.6 see also Liquid crystal 
Distortion (in lens) 2.2.12 
Distortion (in optical fibers) 
- ,intermodal 11.3.1 
- ,intramodal 11.3.1-3 
Distortion, perspective Problem 3.6 
Distributed-feedback laser 12.1.4 
Divergence due to diffraction 5.5, 
5.5.4 
Donor level 4.3.1 
Doppler effect 4.2.3 
Doppler shift 9.4.4 
Double-slit experiment 


11.3 


1, 5.3.1 


8.2.3 
11.3.4 


Duration (of laser pulse) 
Duration (of pulse in fiber) 
Dye laser see Laser 
Dynode 4.3.1 


Edge-emitting laser 12.2.5 
see also Laser, semiconductor 

Edge enhancement 7.2.4, 7.4.3 

Edge-finding level 7.3.2, 7.4.5 

Edge response 7.3.2, 7.3.3, 7.4.5 

Edge ringing 7.3.2, 7.3.3 

Effective F-number 2.2.9, 3.2.4, 4.1.7 

Effective focal length 2.2.4 

Effective index of refraction 
12.1.2, 12,21, 12.2.3 

Effective reflectance 8.3.1 

Electric field 5.2 

Electric-field vector 9, 9.1.3 

Electromagnetic theory 5.1.2, 5.4.1, 
5.5.1, 8, 9.1.6, 10.2, 10.3.3 

Electromagnetic waves 5.2, 9.1.1 

Electron 4.2.3, 4.2.4, 4.3.1, 9.1.7 

- ,secondary 4.3.1 

Electro-optic effect see Kerr effect 

Electro-optic modulator 9.4.3, 12.1.6 

Electro-optic shutter 8.4.1, 8.4.2, 
9.4.1 

Electro-optics 9.4.1, 9.4.3 

Emissivity 4.2, 1 

— of various infrared sources 4.2.1 

Empty magnification see Magnifying 
power 

Emulsion 

- ,photographic 3.2.1, 7.1.4 

- , relative spectral sensitivity of 
3.2.1 

Energy level 

Enlarger 3.3 

Enlarging 3.2.1 

Equilibrium length 10.3.5 

Equilibrium mode dis- 
tribution 10.3.5, 11.4 
see also 70-70 excitation 

Equilibrium mode simulator 
11.1.2, 17.21 

Equivalent refracting surface 2.2.7 
see also Principal plane 

Erecting lens 3.7.3 

Evanescent wave 9.1.5, 10.3.3, 10.3.5 

Evolution 3.1 

Excited state 4.2.3 

Excited system 8.1.1 

~ time 3.2.2 


10.2.1, 


4.2.3, 8.1.1, 8.4.1, 8.4.3 


ELT, 
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Exposure 3.2.2 
Extended source 4.1.4 
Extraordinary ray 9.2.1-3 
Eye 1, 3.1, 3.7.1, 4.1.2, 4.1.7, 8.5 
, adaptation of 3.1 
- , angular resolution limit of 3.8.2, 
3.8.3 
, laser damage to 8.5 
~ , luminous efficiency of 4.1.2 
, principal points of 3.1 
- ,relative sensitivity of 3.1, 4.1.2 
, resolution limit of 3.1 
Eyelens 3.7.2 
Eyepiece 2.2.4, 3.5, 3.7, 3.7.3 
- , Huygens 2.24 
Eye relief 3.7.2, 3.7.3 
F-number 2.2.9, 2.2.13, 3.2.2, 5.7.5, 
6.1 
, effective 
F-stop 3.2.2 
Fabry-Perot interferometer 6.3, 
6.4.3, 8.3.1 
see also Interferometer 
, free spectral range of 6.3.2 
- , spherical confocal 6.3.3 
Faraday effect 9.4.5 
Faraday rotator 9.4.5 
Far-field diffraction 1, 5.5.4 
see also Diffraction 
Far-sightedness 3.1 
Fermat’s principle 5.5.6, 10.3.1, 
12.2.2 
"ermi level 4.2.4 
Fiber see Optical fiber, Optical 
waveguide 


2.2.9, 3.2.4, 4.1.7 


Fiber interferometer 6.2.2 
Fiber sensor 6.2.2 
Field (video) 7.4.1 
Field 
,angular 2.2.12, 3.7.2 


- of view 3.2 

Field curvature 2.2.12 

Field glasses 3.7.3 

Field lens 3.7.2, 3.7.3 

Field stop 3.2, 3.7.2, 3.7.3 

Fifth-order aberration 2.2.12 

Filling the aperture 3.3 

Film (photographic) 3.2, 3.2.1-3 
, copy 3.2.3 

- ,line-copy 3.2.2 

-,MTFof 7.38 


- , orthochromatic 3.2.1 
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- , panchromatic 3.2.1 

- , resolving power of 3.2.3 

Filter 6.4.3, 7.4.1 
, deblurring 7.3.4 

- , digital 7.4.3 

- , high-pass 7.2.4, 7.4.1, 7.4.3 

- , interference 1, 6.4.3 

- , infrared cutting 7.4.1, 7.4.4 

~ , low-pass 7.2.4, 7.4.3 

- , matched 7.2.6, 7.4.1 

- , metal-dielectric-metal (MDM) 
6.4.3 

- , nonlinear 7.4.2 

- , Spatial 7.2.4 

Finesse 6.3.1, 6.3.2, 12.1.5 

Fixation 3.1 

Fixer 3.2.1 

Flarelight 7.1.1 

Flashlamp 8.2, 8.2.1 

Flashtube 8.4.1 

Flicker noise 4.3.3 

Fluorescent light 8, 8.1 

Flux 8.1.1 see also Radiant power 

Focal length 2.2.4 

- , back 2.2.7 

— , effective 2.2.4 

- of mirror 2.2.6 

- ,primary 2.2.4 

- ,Secondary 2.2.4 

of thick lens 2.2.7 

~ of thick mirror Problem 2.4 

- of thin lens and mirror Problem 2.4 

- of two thin lenses 2.2.4 

Focal plane see Focal point 

Focal point 2.2.4 

- of mirror 2.2.6 

- ,primary 2.2.4 

- , Secondary 2.2.4 

Focal ratio see F-number 

Focusing method 11.5.1 

Forbidden gap 4.2.4, 4.3.1 
see also Band gap 

Forbidden transition 4.2.3 

Fourier series 7.2.1, 7.2.2 

Fourier synthesis 

Fourier transform 6.2, 7.2.2, 7.2.3, 
7.3.1, 7.3.4, 7.3.5, 7.4.1, 12.2 

Fourier-transform optics 1, 7.2.3, 
7.2.6 

Fourier-transform spectroscopy 6.2 

Fovea centralis 3.1 

Frame (video) 7.4.1 

- digitizer 3.5, 7.4.1 


Fraunhofer diffraction see Diffraction 
Fraunhofer wavelength 2.1.2 
Free spectral range 6.3.2, 8.3.1, 
Problem 6.3 
Frequency 4.2.3, 5.1, 5.1.1 
Frequency domain 11.3.4 
see also Bandwidth, electrical 
Frequency doubling 8.4.2 
Frequency plane 7.2.1, 7.2.2, 7.2.4-6 
Frequency response, electrical 10.1 
Frequency response curve 11.3.4 
Frequency upconversion 9.3.3 
Fresnel biprism Problem 5.3 
Fresnel diffraction see Diffraction 
Fresnel lens 3.3 
Fresnel zone 5.5.3, 5.5.4 
Fresnel zone plate 1 see also Zone 
plate 
Fresnel’s construction 5.5.3, 7.1.2 
Fresnel’s laws 9.1.3, 9.1.4 


Gain 4.3.1, 8.1, 8.2.1, 8.2.3 

Gallium arsenide 4.2.4, 
8.4.8, 12.1, 12.1.4, 12.2.5 
see also Laser, semiconductor; 
Light-emitting diode 

Gamma 3.2.2 

Gaussian beam 
10.4.2 

~ , depth of focus of Problem 8.3 

- ,divergence of 8.3.3 

- , radius of curvature of 8.3.3 

Geodesic lens 12.2.3 

Geometric (or geometrical) optics 1 
see also Ray optics 

Germanium 4.3.1 

Giant-pulse laser see Laser, Q-switched 

Glan~Thompson prism 9.2.3 

Glass 

- , absorptance of 4.2.1 

- , index of refraction of 2.1.2 

- , Kerr constant of 9.4.1 

- ,lead 9.4.5 

- , slab of Problem 2.2 

~ , Verdet constant of 9.4.5 

Glass laser see Laser 

Goos-Hanchen shift 9.1.6 
see also Phase change on re- 
flection 

Graded-index fiber see Optical fiber 

Graded-index lens 12.2.2 

Graded-index waveguide see Optical 
waveguide 


1, 8.3.2, 8.3.3, 10.2.6, 


Grains (in emulsion) 3.2.1, 3.2.3 
Grating (in optical process- 
ing) 7.2.1, 7.2.2, 7.3.7, 7.4.4 
see also Diffraction grating 
coupler 10.2.3, 10.2.4 
- equation 5.3.2, 6.1, 7.3.7 
Graybody 4.2.1, 4.22 
see also Blackbody 
Ground glass 4.1.5, 5.7.4 
Ground state 4.2.3 
Group delay 11.3.2, 11.3.3 
Group index of refraction 5.2.1, 
11.3.2 
Group velocity 5.2.1, 11.3.3 


H and D curve 
& curve 

Half-period zone see Fresnel zone 

Half-wave plate 9.2.2 

Half-wave voltage 9.4.1, 9.4.3 

Hand lens see Magnifying lens 

Hard clipping 7.4.2 

Harmonic generation 9.3 

- , second 9.3, 9.3.1, 9.3.2 
, third 9.3 

Harmonics 7.2.2 
see also Fourier series 

Helium-cadmium laser see Laser 

Helium--neon laser see Laser 

Hemisphere, power radiated into 
4.1.4 

Hermite polynomial 8.3.3 

hnu see Lagrange invariant 

Hole 4.2.4, 4.3.1 

Hologram 7.1 

- ,amplitude 7.1.3 

- , diffraction efficiency of 7.1.3, 7.1.4 

- , effect of emulsion thickness on 
1.1.4 

- , Fourier-transform 

- ,image-plane 7.1.4 

- ,Lippmann-Bragg 7.1.4 

- , phase 7.1.3 

~ , reflection 7.1.4 

- , thick 7.1.4 

- , white-light 7.1.4 

Holography 1, 7.1, 7.1.1 

- , off-axis 7.1.1 

Huygens eyepiece 2.2.4 

Huygens's construction 5.5, 5.5.1, 
5.5.3, 9.2.1 

Hybrid 12.1 

Hyperfocal distance 3.2.4 


3.2.2 see also D vs log 


7.2.6 
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Hyperopia 3.1 
Hypo 32.1 


Illuminance 3.2.2, 4.1.1, 4.1.2 
see also Irradiance, Illumination see 
also Illuminance, Irradiance 
, critical 3.8.4 
- , dark-field Problem 7.5 
- , diffused, coherent 5.7.3 
 ofimage 4.1.7 


- , incoherent 5.7.1, 7.4.5 
, Kohler 3.8.4 
, retinal 4.1.7 
- , Specular, coherent 5.7.2 
Image 2.2.2 


- , construction of 2.2.8 
distance 2.2.2, 2.2.7 

- processing 1, 3.6.1 

- ,real 2.2.5 

- restoration 7.3.4 

- space 2.2.1 

- ,virtual 2.2.5 

Image-plane hologram see Hologram 

Imaging 2.2 

- in coherent and incoherent light 
5.7 

Impulse response 7.3.1, 7.3.2-5, 7.4.5 
of scanning confocal microscope 
7.3.3 

Inclination factor see Obliguity factor 

Incoherence 5.6, 7.3.1, 7.4.5 
see also Coherence 

Index of refraction 2.1.1, 2.1.2, 
9.1.2-6 

- , effective 
12.2.3 

- as function of wavelength 2.1.1 

— , group 5.2.2, 11.3.2 

~ , relative 9.1.4 

Index profile 10.3.1, 11.5 

- measurements 11.5 

Indium antimonide 4.3.1 

Induced emission see Stimulated 
emission 

Infinity corrected 3.5 

Infrared 3.2.1 

Inhibition 3.1 

Injection 4.2.4 

Input plane 7.2.1 

Insertion-loss measurement 11.2.1 

Instrumental line width 6.1.2, 6.3.1, 
6.3.2 

Integrated circuit 


10.2.1, 12.1.2, 12.2.1, 


3.6, 5.6.4 
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Integrated optics 1, 12, 12.1 
Integrating sphere 4.1.6 
Intensity 3.2.1, 5.1.1 
- , defined 5.1.1 
see also Radiant intensity 
Interdigitating transducer , 12.1.6 
Interference 1, 5, 5.2, 5.3, 
5.4, 5.52, 6.2, 7.1.1, 7.2.1 
see also Coherence, Diffraction, 
Interferometer 
, constructive 5.2, 5.3.1, 5.4.1, 8.1, 
8.3.1, 10.2 
, destructive 5.2, 5.3.1, 5.4.1 
— by division of amplitude 5.4, 5.6 
— by division of wavefront 5.3 
- ,double-slit 5.3.1, 5.6.2 
- by finite slits 5.5.2 
, multiple-reflection 5.4.2, 8.1 
, multiple-slit 5.3.2, 5.5.2 
~ ,two-beam 5.4.1, 7.1.1 
Interference filter 1, 6.4.3 
Interference microscope 6.2.2, 11.5.2 
Interferometer 1 
~ , confocal 6.3.3 
- , Fabry-Perot 6.3, 8.3.1 
- , Fiber 6.2.2 
~ , Michelson 6.2 
- , Mach-Zehnder 6.2.2 
~ , Twyman-Green 6.2.1 
Interferometry 6.2, 6.3 
Interlace 7.4.1 
Intermodal! distortion 10.2.6 
Interna] reflection 2.1.4, 9.1.5 
— , frustrated total 9.1.5, 9.2.3 
Internal refraction 2.1.4 
Inverse-square law 4.1.3 
Inverse transform 7.2.3 
see also Fourier transform 
Ion 4.2.3 
- laser see Laser 
- miling 12.2.4 
Iris 3.1 
- Iris diaphragm 3.1, 3.2.2, 3.8.4 
Irradiance 3.2.2, 4.1.1, 5.1.1, 8.5 
see also Illuminance 


t 


} 


Johnson noise 4.3.3 
Junction 4.2.4, 4.3.1 
- ,cold 4.3.2 

- ,hot 4.3.2 

-,pn 424 


- ,reference 4.32 


KDP 9.3.2, 9.4.2 


Kernel (convolution) 7.4.3 
Kerr cell 8.4.1, 9.4.1, 9.4.2 
Kerr constant 9.4.1 

Kerr effect 9.4.1 

Kohler illumination 3.8.4 
Krypton-ion laser see Laser 


Lagrange invariant 2.2.11, 4.1.8, 7.2 
Lambertian reflector 4.1.5 
Lambertian source 4.1.4, 4.2.1 
Lambert's law 8.1.1 
Lamp 
-,arc 4.2.1 
- , gas-discharge 4.2.3 
- , tungsten 4.2.1 
Lase 8 
Laser 1, 4.2.3, 8 
- ,argon-ion 8.2.4, 8.4.5 
- , carbon-dioxide 8.4.6 
- , classes I-IV 8.5 
- , coherence of 5.6, 5.6.3, 8.3.5 
~ ,diode 8.4.2 
— , distributed feedback 12.1.4 
—,dye 8.4.3 
- ,excimer 8.4.7 
, four-level 8.4.2 
- , gallium arsenide 12.1.4 
- , gas 8.4.7 see also specific material 
- , glass 8.4.2 
, HCN 8.4.7 
, helium-cadmium 8.4.7 
— , helium-neon 8.3.5, 8.4.2, 8.4.4, 
8.4.7, 9.1.2 
, hydrogen- and deuterium-fluoride 
8.4.7 
- ,injection 8.4.8 
- ,ion 8.4.5 
- , junction 8.4.8 
- , krypton-ion 8.4.5 
- , laser-pumped 8.4.3 
, mode-locked 8.2.4, 8.4.2, 8.4.3, 
8.4.5, 9.4.3 
- , multimode 8.3.2 
- ,neodymium 8.2.4, 8.4.2 
- ,nitrogen 8.4.7 
- , optically pumped 8.2, 8.2.3, 8.2.4, 
8.4.3 


L 


! 


- ,organic-dye 8.4.3 

- , output power of 8.2.2 

- , Q-switched 8.2.3, 8.4.1, 8.4.2, 
8.4.6, 9.4.2 

- ,quasicontinuous 8.4.2 

- ,ruby 8.2.2, 8.2.3, 8.4.1 


- , semiconductor 8.4.2, 
8.4.8, 10.1, 12.1, 12.1.4 
see also Light-emitting diode 
- ,single-mode 5.6.3, 8.3.2, 8.4.4 


- , surface-emitting 12.2.5 
, TEA 8.4.6 

~ , three-level 8.2 

- , titanium:sapphire 8.4.3 


- , transversely excited 8.4.6, 8.4.7 
— ,tunable 8.4.3 
- , vertical cavity 
— , water-vapor 
- , YAG 842 
Laser mode 8.2.4 
Laser safety 8.5 
Laser wavelengths (table) 8.4.7 
Lasers, classification of 8.5 
Latent image 3.2.1 
Launching conditions 
- , beam-optics 11.1.1 
Law of reflection 2.1.2 
see also Reflection 
Law of refraction 2.1.1 
see also Snell’s law 
Lead glass 9.4.5 
- sulfide 4.3.1, 4.3.3 
~ telluride 4.3.1 
Leakage current 4.3.3 
Leaky mode 10.2.4 
Leaky ray 1, 10.2.4, 10.3.4 
- in near-field scanning 11.5.3 
"Len" 2.2.1, 2.2.2, 5.5.6 
“Len” equation 2.2.2, 2.2.4, 12.2.1 
Lens 2.2.4, 2.2.5, 2.2.7 
- , aberration-limited 3.8.1 
. aberrations 2.2.12 
- , Barlow Problem 2.5 
- ,camera 2.2.11, 2.2.12 
- , close-up 2.2.12 
- ,collimating 2.2.12 
- , concave 22.5 
- , convex 2.2.5 
- , copying 2.2.12 
- , diffraction 12.2.4 
- , enlarging 2.2.12 
- , erecting 3.7.3 
- of eye 3.1, 8.5 
- , Fraunhofer diffraction in focal plane 
of 5.5 


12.2.5 
8.4.7 


1, 11.1, 11.3.4 


- , geodesic 12.2.3 
- , graded-index 12.2.2 
- ,hand 3.4 


- , high-aperture 2.2.12 
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- ,Luneburg 12.2.2 
,macro 2.2.12 


, meniscus 2.2.5 

- , mode-index 12.2.1, 12.2.2 
, negative 2.2.5, 3.1 
, photographic 2.2.12 

- , planar 12.2 

- , plano-convex 2.2.12 

- , positive 2.2.5, 3.1 


, Specialized 2.2.12 
- , telephoto Problem 2.5 
, thick 2.2.7 
- ,thin 2.2.4 
- , two thin, in contact 
- , waveguide 12.2 
Lens equation 1, 2.2.4, 5.5.3 
- , Newton’s form of 2.2.10 
- and thick lenses 2.2.7 
Lens-maker's formula 2.2.4 
Lifetime 8.2.1 
- , cavity 8.2.3 
Light-emitting diode 
10.1 
Light source see Source 
Limit of resolution see Resolution limit 
Limited phase space see 70-70 
excitation 
Limiting aperture see Aperture stop 
Line radiation see Line source 
Line source 4.2, 4.2.3 
Linewidth, instrumental 
6.3.2 
Linewidth standard 7.4.5 
Liquid crystal 9.2.6 
— , ferroelectric 9.2.6 
, nematic 9.2.6 
, smectic 9.2.6 
— television 9.2.6 
Lithium niobate 9.4.2 
Lloyd's mirror Problem 5.3 
Local area network 11.3.1, 12.2.5 
Local numerical aperture — 10.3.2, 
11.5.5 
Longitudinal] magnification 2.2.9 
Lorentzian function 12.2.4 
Lumen 4.1.2 
Luminance 1, 4.1.2, 4.1.8 
- of aerial image 4.1.8 
Luminous efficacy 4.1.2 
Luminous efficiency of eye 4.1.2 
Luminous energy 4.1.2 
Luminous flux 4.1.2 
Luminous intensity 4.1.2 


2.2.4 


4.2.4, 8.4.8, 


6.1.2, 6.3.1, 
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Luminous power 1, 4.1.2 

see also Radiant power 
Luneburg lens 12.2.2 
Lux 4.1.2 


Mach-Zehnder interferometer 6.2.2, 
12.1.6 

Macula lutea 3.1 

Macular degeneration 8.5.1 

Magnesium fluoride (MgF2) 6.4.1 

Magnetic-field vector 9 

Magneto-optics 9.4.5 

Magnification 2.2.9, 3.5 

- ,empty 3.8.3, 3.8.4 

- in holography 

- , longitudinal 2.2.9 

- ,useful 3.5, 3.8.3, 3.8.4 

Magnifier, simple see Magnifying glass 

Magnifying glass 3.4 

Magnifying power 3.4, 3.5, 3.7, 3.7.1, 


3.8.2-4 
- ,empty 3.8.2 
- ,useful 3.5, 3.7.1, 3.8.2-4 


Malus's Law 9.2.2 

Mandrel wrap 11.1.1, 11.4 

Matched filter 7.2.6, 7.4.1, 7.4.3 

Mechanical tube length 3.5 

Mercury cadmium telluride 4.3.1 

Meridional ray 10.2.4 

MgO (diffuser) 4.1.5 

Mica 9.2.1 

Michelson interferometer 6.2 
see also Interferometer 

Michelson stellar interferometer 


Problem 5.14 
Microbend 10.3.5 
Microscope 1, 3.5, 7.3.3 


- , Abbe theory of 7.2.1 

- , coherence of 5.6.4 

- condenser 3.8.4 

- , interference 6.2.2 

- , magnifying power of 3.5 

- objective 3.5, 3.8.3, 7.2.1, 7.4.4 
, resolving power of 3.8.3, 3.8.4 

- , scanning confocal 3.6, 7.3.3 
- , impulse response of 7.3.3 

- , simple see Magnifying glass 

~ , video 3.5, 7.4.4 

Microscopy 3.5, 7.2.1, 7.4.4 

- , Abbe theory of 7.2.1 

— , phase 7.2.1 

- , phase-contrast 

-, video 3.5 


7.2.5 


Mirror 2.1.3, 2.2.6 
- , concave 2.2.6 
, convex 2.2.6 
- , focal length of 2.2.6 
- , multilayer 1, 6.4.2 
- , radius of curvature of 2.2.6 
- , spherical 2.2.6 
- , thick Problem 2.4 
Misalignment (of fibers) see Connector 
Missing order 5.5.2, 6.1.1 
Mode 1, 8.3.1, 8.3.5 
- ,air 12.2.4 
, axial 8.3.1 
- , bound 10.2 
- in circular waveguide 
- coupling 10.3.5 
- , number of, in waveguide 10.2.5 
- in optical waveguide 10.2, 10.4.2 
- , single 8.3.2 
- , Single axial and transverse 8.3.2 
- ,spectral 8.2.4, 8.3.1 
- ,substrate 12.2.4 
— ,transverse 8.3.2 
- unbound 10.2 
- ,00 8.3.2, 8.3.3, 8.4.4 
Mode field diameter 11.7 
Mode filter 11.1.2, 11.4 
Mode-index lens 12.2.1, 12.2.2 
Mode-locked laser see Laser 
Mode matching 8.3.3 
Mode stripper 11.1.3 
Modulation transfer function 7.3.5 
~ of film 7.3.8 
Modulator 8.4.5, 9.4.4, 12.1.6 
- , acousto-optic 9.4.4, 12.1.6 
- , electro-optic 9.4.3, 12.1.6 
- ,loss 8.4.5 
- ,traveling-wave 12.1.6 
Monochromatic radiation 4.2.3 
Monochromator 6.1 
Monolithic devices 12.1 
Monomode waveguide 10.2.6 
see also Single-mode waveguide 
Motion-picture projector 3.3 
MTF 7.3.5 
see also Transfer function 
- of film 7.3.8 
Multilayer mirrors 1, 6.3 
Multimode fiber see Optical fiber, 
Optical fiber measurements, Optical 
waveguide 
Myopia 3.1 


10.2.4 


Nd:glass laser see Laser 


Nd:YAG laser see Laser 

Near-field diffraction 
see also Diffraction 

Near-field scanning 1, 3.9, 11.5.3 

- in core-diameter measurements 1, 
11.5.5 

- ,leaky rays in 11.5.3 

- ,refracted see Refracted-ray method 

- of single-mode fiber 11.5.3 

Near point 3.1, 3.4 

Near-sightedness 3.1 

Negative 3.2.1 

Neodymium laser see Laser 

NEP 4.3.3 

Neural inhibition 3.1 

Newton’s form of the lens equation 
2.2.10 

Nicol prism 9.2.3 

Night glasses 3.7.1 

Nipkow disk 3.6.1 

Nitrobenzene 9.4.1 

Nodal point 2.2.8 

Nodal slide 2.2.8 

Noise 7.4.1 

- in detectors 4.3.3 

- in holography 7.1 

- , white 4.3.3 

Noise equivalent power (NEP) 

Nonlinear optics 9.3 

Normalized frequency 

NSOM 3.9 

Numerical aperture 3.5, 3.8.3, 5.6.4, 
7.2.1, 7.4.4, 10.4.1 


of condensing lens 


1, 5.5.4 


4.3.3 


10.2.5 


5.6.4 


- „local 10.3.2, 11.5.5 
- ,measurement, of fiber 11.6 
of microscope objective 3.5, 3.8.3, 


7.2.1, 7.4.4 
- of optical waveguide 10.1 
Nyquist frequency 7.4.4 


Object distance 2.2.2, 2.2.7 
Object, real or virtual 2.2.5 
Object space 2.2.1 

Objective 2.2.12, 3.5 

- , biological 3.5 

- , metallurgical 3.5 

- , microscope 3.5, 3.8.3 7.2.1, 7.4.4 
- , oil-immersion 3.5, 3.8.3 

~ , photographic 2.2.12, 3.8.1 
- ,telescope 2.2.12, 3.8.2 
Obliguity factor 5.5.1 
Opacity 3.2.2 
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Opal glass 4.1.5 

Opera glasses 3.7.3 

Operational amplifier 4.3.1 

Optic axis 9.2.1-3, 9.4.1, 9.4.2 

- ,fast 9.2.1 

- , field-induced 9.4.2 

~ ,slow 9.2.1 

Optical activity 9.2.5, 9.2.6 

Optical communications 1, 
8.4.8, 9.4.3, 10.1, 11.2.1, 12.1 
see also Optical fiber, Optical 
waveguide 

Optical computer 8.4.8 

Optical density 3.2.2, 11.2.1 

- ,base 3.22 
, Of buffer or coating 

- ,fog 3.2.2 

Optical fiber 
see also Optical fiber measure- 
ments, Optical waveguide 

- ,coupling into 10.1, 10.4, 11.6 

- , delta parameter of 10.3.1 

- , equilibrium length of 11.1 

- , equilibrium mode distribution of 
11.1 

- , frequency response of 10.1 

- ,graded-index  I0.1, 10.3, 10.3.2, 
10.4.1, 10.4.3, 11.3.3, 11.5.1 

— , index profile of 10.3.1 

- ,leaky rays in 10.3.3, 10.3.4 
,lossin 10.3.4 

- ,microbends in 10.3.5 

- , misalignment of see Connector 

- ,mode coupling in 10.3.5 

- ,modesin 10.2, 10.2.4 

- ,multimode 10.4.1, 11.1 

- , numerical aperture of 10.1, 10.2.5, 
10.2.6, 10.4.1 

- , parabolic profile 10.3.1 

- , power-law profile 10.3.1 

- , profile parameter of 10.3.1 

- ,raysin 10.1 

- ,Single-mode 
11.3.3 
,Step-index, defined 10.3 
, transit-time variations in 10.1 

- , windows in 11.2.1 

Optical-fiber measurements 11 
see also Optical fiber, Optical 


11.1.3 


10.2.6, 10.4.2, 10.4.3, 


waveguide 
- ofattenuation 11.2 
— of backscatter 11.4 
- of bandwidth 11.3, 11.3.1 
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~ of core diameter 11.5.5 

~ of index profile 11.5 

- , launch conditions in 11.1 

- of numerical aperture 11.6 

~ , optical time-domain reflectometry 
11.4 

Optical integrated circuit 1, 12, 12.1 

Optical isolator Problem 9.4 

Optical mixing 9.3.3 

Optical path — 5.3.1, 5.5.6, 5.6.1, 6.2.1 

Optical processing 7.2, 7.2.1, 7.2.7, 
9.2.6 

Optical processor 7.2, 7.2.5- 7, 7.3.4 

- ,converging-beam 7.2.7 
,planar 12.2 

Optical rectification 9.3 

Optical resonators 1, 8.3 

~- , stability of 8.3.3 
, unstable 8.3.2 

Optical sectioning 3.6 

Optical spectrum analyzer 6.1 

Optical thickness 5.4.1 

Optical time-domain reflectometry 
11.4 

Optical] transfer function 

Optical waveguide 1, 
7.2.4, 9.1.6, 10, 12.1 
see also Optical fiber, Optical- 
fiber measurements 

- branch 12.1.3 

~ , buried 12.1.1 

- ,channel 12.1.1 

— ,circular 10.2.4, 10.2.6 

- ,cladding of 10.1 

,core of 10.1 

- ,coupling into 10.1, 10.2.2, 10.2.3, 
10.4 

~ ,diffused 12.1.1 

- , gratings in 10.2.3, 12.2.4 

~ ,index profile of 10.3.1 

- ,ion-exchanged 12.1.1 

- , mode coupling in 10.3.5 

~ ,modes in 10.2, 10.2.4, 10.4.2 

- ,number of modes in 10.2.5 

~ , planar 10.2, 10.2.2, 10.2.3 

- ,rectangular 10.2.4 

- , ridge 12.1.2 

- , Single-mode 10.1, 10.2.6, 12.1.3 

~ ,slab 12.1.1 

- „strip 12.1, 12.1.1 

Order 5.3.2, 5.4.2, 7.1.1, 7.2.1 

- ,missing 5.5.2, 6.1.1 

Order number see Order 


7.3.5 


{ 


Ordinary ray 9.2.1-3 
Oscillation 8 

Output mirror 8.1 
Overhead projector 3.3 
Overlap integral 10.4.2 


Packing fraction 10.4.3 
Parabolic profile 10.3.1 
see also Optical waveguide 
Parallel processing 12.2 
Parametric amplification 9.3.3 
Parametric oscillation 9.3.3 
Paraxial approximation 1, 2.2.2 
Partial coherence see Coherence 
Particle 1 
Passband 6.4.3 
Pattern recognition 7.2.6 
Peak power 8.2.3 
~ of mode-locked laser 
- of Q-switched laser 
- of ruby laser 8.4.1 
Perfect imaging 12.2.2 
Period 5.1 
Periscope 3.7.3 
Perspective Problem 3.6 
- distortion Problem 3.6 
Petermann definition 11.7 
Petzval sum 2.2.12 
Petzval surface 2.2.12 
Phasar Problem 12.7 
Phase 5.1, 5.5.1 
- of OTF 7.3.5 
~ , relative 5.1, 8.2.4 
Phase change on reflection 5.4.1, 
7.4.5, 9.1.3, 9.1.6, 10.2, 10.2.5 
Phase contrast 1, 7.2.5 
Phase difference 5.2, 10.2 
Phase factor 7.2.7 
Phase matching 9.3.2, 9.3.3, 12.1.6 
Phase microscopy 7.2.1, 7.2.5 
Phase object 7.2.5 
Phase plate 5.7.3, 7.2.5 
Phase velocity 5.1, 10.2.1 
Photocathode 4.3.1 
- , Spectral responsivity of, graph 
4.3.3 
Photoconductive detector 
Photoconductivity 4.3.1 
Photodiode 4.3.1, 4.3.3 
- , avalanche 4.3.1 
- , biplanar 4.3.1 
-,pmand pin 4.3.1 
~ , solid state 4.3.3 


8.2.4 
8.2.3 


4.3.1, 4.3.3 


- ,vacuum 4.3.1, 4.3.3 
Photoelectric effect 4.3.1 
— ,external 4.3.1 
,internal 4.3.1 
Photoelectron 4.3.1 
Photographic emulsion 3.2.1 
- objective 2.2.12 
- plate (in holography) 7.1, 7.2.6 
Photography 3.2 
see also Camera 
Photometric units 4.1.2 
see also Radiometric units 
Photometry 1, 4.1 
see also Radiometry 
Photomultiplier 4.3.1, 4.3.3 
Photon 58.1.1, 4.3.3 
see also Line source, Wave 
packet 
Photon noise 4.3.3 
Photopic vision 3.1 
Phototube 4.3.1 
~ , biplanar 4.3.1 
- , gas-filled 4.3.1 
- , multiplier 4.3.1 
, response time of 4.3.1, Problem 
4.6 
- , transit time of electrons in 
Problem 4.6 
Photovoltaic detector 4.3.1 
Piezoelectric crystal 6.3 
Pinhole camera 5.5.4 
- , resolution limit of 5.5.4 
Pixel (picture element) 7.4.1, 7.4.2 
Planar lens 1 
Planar optical device 1, 12, 12.2 
Planar waveguide 10.2, 10.2.2, 10.2.3 
see also Integrated optics, Optical 
waveguide, Planar optical device 
Planck's constant 4.2.1 
Planck's law 4.2.1 
Plane of incidence 9.1.2 
Plane-polarization 5.1.1, 9.2, 9.2.3 
Plane wave 5.3.1 
Plate, photographic 3.2.3 
Pockels cell 8.4.1, 9.4.2, 9.4.3 
- ,longitudinal 9.4.2 
— ,transverse 9.4.2 
Pockels effect 9.4.2 
Point source 4.1.1, 4.1.3 
Point-spread function see Impulse 
response 
Poisson distribution 4.3.3 
Polarizability 9.1.1 
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- ,nonlinear 9.3 
Polarization 1, 5.1.1, 9.1.3, 9.2, 10.2.5 
- , plane of 9.1.3 
Polarization-mode distortion 
Polarized light 9, 9.2 
— ,circularly 9.1.2 
, elliptically 9.1.2 
- , partially 9.1.2 
, plane 5.1.1, 9.1.3, 9.2 
Polarizer 3.6.1, 9.2.2, 9.2.6 
— , dichroic 9.2.4 
- , pile-of-plates 9.1.2 
Polarizing film 9.2.4 
Population 8.1.1 
Population inversion 8.1.1, 8.2, 8.2.1, 
8.2.2, 8.4.1, 8.4.2, 8.4.4 
- , normalized 8.1.1 
- ,threshold 8.2.3, 8.4.1, 8.4.2, 8.4.4 
Position factor 5.7.5 
Potassium dihydrogen phosphate 
9.3.2, 9.4.2 
Power see Radiant power 
Power-law profile 10.3.1 
Power of lens 3.1 
Preform 11.5.1 
Presbyopia 3.1 
Principal angle 9.1.7 
Principal maximum 5.3.2, 5.5.1, 6.1.2, 
7.2.1 
Principal plane 2.2.7 
~ of optical processor 7.2 
Principal point 2.2.7 
Principal ray 3.7.3 
Printing (photograph) 3.2.1 
Prism 2.1.5 
- , Glan- Thompson 9.2.3 
- , Nicol 9.2.3 
- ,Porro 2.1.5 
reflecting 2.1.5, Problem 2.1 
- ,roof 2.1.5, Problem 2.1 
Prism coupler 10.2.2 
Profile parameter 10.3.1, 11.3.3 
Projection lamp 3.3 
Projection lens 3.3 
Projection systems and projectors 13 
Propagation constant  10.2.1-3 
Pulse 5.2.1, 8.2.3, 8.2.4 
Pulsed laser see Laser 
Pump (optical) 8.2, 8.2.1 
Pun 2.2.1 
Pupil of the eye 3.1, 3.7.1, 3.7.3 
, entrance 3.7.1 
-4,exit 3.7.1 


11.3.3 
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Pupil function 7.3.1 


Pyroelectric detector 4.3.2 
Pyrometer 4.2.2 
Q-switched laser 1, 8.2.3, 9.4.2 


Quadratic phase factor 7.2.7 

Qualification (of equilibrium-mode 
simulator) 11.1.2 

Quantum 4.2.1, 8.1.1 

Quantum detector 4.3.1 

Quantum efficiency 4.3.3 

Quantum electrodynamics 1 

Quantum energy 8.1.1 

Quantum noise 4.3.3 

Quantum theory 4.2.3 

Quarter-wave layer 6.4.1 

Quarter-wave plate 3.6.1, 9.2.2, 9.4.3 

Quarter-wave stack 6.4.2, 12.2.5 

Quarter-wave voltage 9.4.3 

Quartz 9.2.1, 9.2.3, 9.2.5, 9.4.5 


Radiance 4.1.1 
Radiance theorem 4.1.8 
Radiant emittance 4.1.1 
- of blackbody 4.2.1 
Radiant energy 4.1.2 
Radiant exitance 4.1.1 
see also Radiant emittance 
Radiant intensity 4.1.1 
Radiant power 1, 4.1.1 
Radiation angle (of fiber) 11.1.2 
see also Numerical aperture 
Radiation pyrometer 4.2.2 
Radiation thermocouple 4.3.2 
Radiation thermopile 4.3.2 
Radiometric units 4.1.1 
Radiometry 1, 4.1 
Range without overlap see Free spectral 
range 
Raster 3.5 
Rate equation 8.2.1, 8.4.4 
Ray 1, 2.1 
—- , bound 10.3.3 
~ , leaky 10.2.4, 10.3.3 
- , meridional 10.2.4 
- , refracted 10.3.3 
— , skew 10.2.4 
Ray optics 1, 2.1 
Rayleigh criterion 5.7.1, 6.1.1 
Rayleigh limit 5.7.1, 5.7.3 
Rayleigh range Problem 8.3 
Rayleigh scattering 11.2, 11.2.1 
Receiver 12.1 


Reciprocity failure 3.2.2 
Reciprocity law 3.2.2 
Recombination radiation 4.2.3 
Reconstruction 7.1, 7.1.1 
- , conjugate 7.1, 7.1.2 
- ,minimum angle of 7.1.1 
- , primary 7.1, 7.1.2 
- ,virtual 7.1.1 
Reference beam 7.1, 7.1.1, 7.2.6 
Reflectance 5.4.2, 9.1.3 
- , amplitude 5.4.2, 9.1.3 
— , effective, of resonator mirror 
— of silver and aluminum 9.1.7 
Reflection 2.1.3, 9.1.3 
- ,angle of 2.1.3 
, frustrated total internal 
- ,lawof 2.1.3, 2.2.2 
- from metal 9.1.7 
, phase change on 5.4.1, 7.4.5, 9.1.3 
— , total internal 2.1.4, 9.1.5 
Reflection hologram see Hologram 
Refracted near-field scanning see 
Refracted-ray method 
Refracted-ray method 
11.5.5 
Refraction 2.1.1 
- , angle of 2.1.1, 2.2.1 
- , index of see Index of refraction 
~ , internal 2.1.4 
- ,lawof 2.1.1 
Refractive index see Index of refraction 
Relative aperture 3.2.2, 6.1 
see also F-number 
Relative intensity noise 4.3.3 
Relaxation oscillations 4.3.3 
Relay lens 3.7.3 
Resolution 3.8 
- , Abbe theory of 7.2.1 Problem 7.5 
- , of hologram 7.1.1, Problem 7.2 
- , Spurious 7.3.5 
— , two-point 5.7.1 
Resolution limit 1, 3.2.3, 3.2.4, 3.8, 
3.9, 5.7, 5.7.1, 7.2.7, 1.3.5, 7.3.7, 7.4.5 
see also Chromatic resolving power 
- , angular, of eye 3.8.2 
- of camera 3.8.1 
- ,coherent 5.7.2 
- in coherent light 5.7.2 
- in diffused, coherent light 
- ofeye 3.1,3.82 
- in incoherent light — 5.7.1 
- of microscope 3.8.3 
- of NSOM 3.9 


8.3.1 


9.1.5 


1, 11.5.4, 


9.7.3 


- of photographic film 3.2.3 
~ of pinhole camera 5.5.4 
- of points 5.7.1, 5.7.2 
- of refracted-ray method 11.5.4 
- of telescope 3.8.2 
- , theoretical 3.8, 5.7 
Resolution target 5.7.3, 7.2.4 
Resolving power 3.2.3, 3.8, 7.1.1, 
TaT 
see also Chromatic resolving 
power, Resolution limit 
- of camera 3.8.1 
- of film 3.2.3 
- of microscope 3.8.3—4 
— of refracted-ray method 
- of telescope 3.8.2 
Resonators see Optical resonators 
Response time 4.3.3 
- of bolometer 4.3.3 
- of photoconductor 4.3.3 
- of photodiode 4.3.3 
of thermocouple 4.3.3 
- ofthermopile 4.3.3 
Responsivity 4.3.3 
: , of photocathodes (graph) 4.3.3 
- , spectral 4.3.3 
Restricted launch 10.3.4 
Retina 3.1, 8.5 
Retroflector 2.1.5 
Reverse bias 4.3.1 
Reverse telephoto lens Problem 2.5 
Ribbon-filament lamp 3.8.4, 11.1.1 
RIN 4.3.3 
Rods 3.1 
Rowland circle 6.1, Problem 12.7 
Ruby laser see Laser 
Ruling 6.1.1 


11.5.4 


Safe light 3.2.1 

Safety, laser 8.5 

Sag formula 5.5.3, 7.2.7 

Sampling 7.4.4 

- theorem 7.4.4 

Sapphire 8.4.1 

Saturable dye 8.4.1, 8.4.2 

SAW wave 12.1.6 

Scalar equation 5.2 

Scanning confocal microscope 
7.3.3 

- , impulse response of 7.3.3 

- , Nipkow disk in 3.6.1 

Scattering 11.2 

Scientist, near-sighted Problem 3.8 


1, 3.6, 
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Scotopic 3.1 

Second harmonic generation see 
Harmonic generation 

Secondary electron 4.3.1 

Secondary maximum 5.3.2, 5.5.1, 
5.7.2 

- , apodization of Problem 7.8 

Seidel aberration 2.2.12 

Selenium cell 4.3.1 

Semiconductor 4.2.4, 4.3.1 

~ , doped 4.2.4, 4.3.1 

- , energy-level structure of 4.3.1 

- , impurity 4.3.1 


- , intrinsic 4.3.1 
-,ntype 4.3.1 
, p type 4.3.1 


Semiconductor laser see Laser; see also 
Light-emitting diode 

Senile macular degeneration 8.5.1 

Sensitivity see Responsivity 

Sensitizing dye 3.2.1 

Sensitometry 3.2.2 

Serpentine-bend mode filter 11.1.2 

70-70 excitation condition 10.3.4, 
11.1 

Shape factor 5.7.5 

Shortest distance of distinct vision see 
Near point 

Shot noise 4.3.3 

Shoulder (of D vs log & curve) 3.2.2 

- of microscope objective 3.5 


Shutter 3.2.2 

- , acousto-optic 8.4.1 
- ,electro-optic 8.4.1 
- ,passive 8.4.1 


Shutter speed 3.2.2 
Sign convention 2.2.1, 2.2.2, 2.2.3 
Silicon cell 4.3.1 
Silver 9.1.7 
halide 3.2.1 
- image 3.2.1 
Sine condition 2.2.11 
Sine function 7.3.1 
Single-mode waveguide 
10.4.2 
Single-pixel operation 7.4.2 
Skew ray 10.2.4, 10.3.5 
see also Leaky ray 
Sky, emissivity of 4.2.1 
Slab interference microscopy 
Slab of glass Problem 2.2 
Slide projector 3.3 
Slit see Diffraction, Diffraction grating 


1, 10.2.6, 


11.5.2 
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Snell’s law 2.1.1, 9.1.2, %.2.1 
in layered media 10.3.1 
Solar cell 4.3.1 
Solid angle 4.1.1 
Sombrero function 7.3.1, 7.3.3 
Source 4.2 
see also Line source, Blackbody, 
Laser 
— of blackbody radiation 4.2.1 
- ,emissivity of 4.2.1 
- ,quasi-thermal 5.7.4 
- ,thermal 4.2 
, coherence of 5.6 
Spatial coherence see Coherence 
Spatial filter 7.2.1, 7.2.4 
Spatial filtering 1, 7.2.4 
Spatial frequency — 7.2.2, 7.4.4 
Spatial light modulator 7.2.4 
Specific detectivity see D* 
Speckle 5.7.3. 5.7.4 
Speckle noise Problem 5.16 
Spectral lines, table 4.2.3 
Spectral mode see Mode 
Spectral radiance 4.1.1 
Spectral range see Free spectral range 
Spectral responsivity 4.3.3 
Spectral sensitivity of eye 3.1 
Spectral width 5.6.1, 6.2 
Spectrometer 6.1 
- , grating 6.1 
Spectrum 2.1.2, 3.1 
- ,angular 7.3.7 
- of blackbodies 4.2.1 
— ,line 4.2.3 
- ,visible 3.1 
Spectrum analyzer 1, 12.2 
Specular illumination 5.7.2, 7.3.2 
Speed of light 5.1.1 
see also Velocity of light 
Speed of response 4.3.3 
Spherical aberration — Problem 2.10, 
2.2.12, 2.2.13, 3.5 
Spherical refracting surface 2.2.1, 
5.5.6 see also “Len” 
Spiking 4.4.3, 8.4.1, 8.4.4 
Splice 1, 10.4 see also Connector, 
Coupler 
Spontaneous emission 4.2.3, 8.1, 8.2.1 
Spontaneous-emission lifetime 8.2.1 
Spot size 8.3.3 see also Beam waist, 
Beam radius 
Spurious resolution 
Square-law detector 


7.3.5 
5.1.1 


Square-law profile see Parabolic profile 
Stability diagram 8.3.4 

Stability parameters 8.3.3 

Star coupler 10.4.3, 12.1.3 

State see Energy level 


Stefan-Boltzmann constant 4.2.1 
Stefan’s law 4.2.1 
Step-index fiber, defined 10.3 


see also Optical waveguide 
Stimulated emission 8, 8.1.1, 8.2.1 
Stops, iris diaphragms calibrated in 
3.2.2 see also Aperture stop, Field 
stop, Pupil 
Straight edge, diffraction by 5.5.3 
Strip waveguide see Optical waveguide 
Substrate, various 12.1 
Sugar solution 9.2.5 
Sun 4.2.1, 8.5 
Sunglasses 8.5.1 
Superpolished substrate 6.3.3 
Superposition of waves 5.2 
Surface-acoustic wave (SAW) 12.1.6 
Surface-emitting laser 1, 12.2.5 
Switch, integrated-optical 12.1.6 
Synch (video) 7.4.1 
ta vs Æ curve 7.1 


Target (resolution) 5.7.3 

TEA laser see Laser 

Teflon (diffuser) 4.1.5 

Telecommunications Industry 
Association 1 

Telephoto lens Problem 2.5 

- ,reverse Problem 2.5 

Telescope 1, 3.7, 3.8.2, 4.1.7 

- ,erecting 3.7.3 

- ,Galilean 3.7.3 

- , resolving power of 3.8.2 

- , terrestrial 3.7.3 

Telescope objective 2.2.12, 3.8.2 

Television see Liquid crystal, Video 
camera, Video microscope 

Temporal coherence see Coherence 

Tensor 9.3.1 

Theoretical resolution limit see 
Resolution limit 

Thermal detector see Detector 

Thermal noise 4.3.3 

Thermal source see Source 

Thermistor 4.3.2 

Thick hologram see Hologram 

Thick lens see Lens 
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Thin film see Integrated optics, Ultrasonic wave 10.2.3 see also 
Interference filter, Quarter-wave Surface acoustic wave 
layer Unstable resonator 8.3.2 
Thin lens see Lens Useful magnification see Magnifying 
Third-order aberration 5.7.5 power 
I[I-V compound 12.1, 12.1.2 Useful magnifying power see Magnifying 
Tilted object plane Problem 2.6 power 


Time constant see Response time 


Time domain 11.3.4 V number 10.2.5 


sce also Bandwidth, Optical VCSEL 12.2.5 

time-domain reflectometry Veiling glare 7.1.3 
Titanium dioxide 6.4.1 Velocity of light 2.1.1 
Toe (of D vslog 4 curve) 3.2.2 - , group 5.2.1 
Total internal reflection 1, 2.1.4, - , phase 5.2, 10.2.1 

9.1.5, 9.2.3 Verdet constant 9.4.5 
Tourmaline 9.2.4 Video camera 3.5, 7.4.1, 7.4.4 
Transducer 12.1.6 Video microscope 1, 3.5, 7.4.4 
Transfer function 1, 7.3.5-8 Vignetting 3.3, 3.7.1.3 
. . coherent 7.3.6. 7.3.7 Virtual image see Image 

, diffraction-limited — 7.3.5, 7.3.6 Virtual object see Object 
. modulation 7.3.5 Visibility (of fringes) 6.2 

i „of film 7.3.8 Vision see Eye 

optical 7.3.5 Vitreous silica 11.5.4, Problem 11.5, 

12.1.6 


Transform plane 7.2.4, 7.2.7 
see also Frequency plane 

Transition 4.2.3 

- , forbidden 4.2.3 

Transmittance 3.2.2, 5.4.2, 9.1.3 
,amplitude 5.4.2, 7.1. 9.1.3 

-- .of hologram 7.1] 

Transmitter 12.1 

Transverse backscattering — 11.5.1 

Transverse mode see Mode 

Transverse scattering — 11.5.1 

Transverse wave 1,52 

Trifocal 3.] 

Trigger 7.4.1 

Triplet level — 8.4.3 

Triplicity of light 1 


Waist 8.3.3 
Water, Kerr constant of 9.4.1 
Wave 
- , electromagnetic — 5.1.1 
- ellipsoid 9.2.1 
- nature of light 5.1 
packet 4.2, 5.6. 8.1, 8.1.1, 8.2.4 
see also Coherence 
plate 7.2.2 
- , sound 9.4.4 
- , transverse 5.1.) 
- , ultrasonic 9.4.4 
~ vector 10.2.1 
Wavefront 5.3 


i PE 5 

Truncated-wave analysis 7.3.7 aberration ^ 65.6, 5.7.5 
Tube length 3.5 - reconstruction see Holography 

eerie i Waveguide see Optical waveguide 
Tumbling-E chart — 5.7.3 ! B 12.2 E" 5 
rg ste " E j e T ens . 
Fungsten lamp — 3.8.4, 4.2.1, 4.2.2, Wavelength WEBEBEEO Jat 

11.1.1 


- , index of refraction as function of 1 
, measurement of 6.2 

Wavelength division multiplexer 12.1, 
Problem 12.7 

Wavenumber. defined 5.1 

Waves 5 5.5 
,superposition of 5.2 

Ultramicroscope — Problem 7.5 Wedge 6.2.1 

Ultrasonic light modulator sec Acousto- White noise 4.3.3 
optic light modulator Width (of line) 3.6, 5.6.4, 7.3.3 


Tunneling ray 10.2.4, 10.3.4 
see also Leaky ray 
Turning point — 10.3.1 
Twisted nematic see Liquid crystal 
Twyman-Green interferometer — 6.2.1 
see also Interferometer 
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Wien's displacement law 4.2.1 
Windows, first, second, third 11.2.1 
Working distance 2.2.7 


Xenon lamp see Lamp 


YAG laser see Laser 


Zernike’s phase-contrast microscope 
7.2.5 

Zone plate 1, 5.5.3, 5.5.6, 7.1.1. 
12.2.3 

- in holography 7.1.1 

- , sinusoidal 7.1.1 
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